
MICROFICHE 
REFERENCE 
K LIBRARY 

V project of Volunteers in Asja 



The Passive Solar Enescry Book 

by: Edward Mazria 

Published by: 

Rodale Press, Inc. 
33 1 East Minor Street 
Emmaus, PA 18049 USA 

Pajper copies are $12.95. 



Available from: " 
Rodale Press, Inc. 
< 33 East Minor Street - „ 
' Emmaus, PA' 180-49. USA 

- / r- t , ■ . 

Reproduced by permission of the, Rodale Press^ 



TReprod^t ion this—micx of ich e doc ume at in ^ n# 
form is subject to the same restrictions as those 
of the origina^document . 

' ? 1 t 



,ln Canada $14.95 




Tfcys book Contains all of the-information necessary to successfully- design an effective 
pasWe'sglgr heated,,build+ng. - . _ \ '\ ^..7. 

It is': ~' ! * - - rA. ■ ■ ' " • " . „ ¥ ■ 

. ' '" ' - " ' * ' ,» 

A Primer — in the fundamental concepts of solar energy, heat theory and the 

comfort. s " _ ._' _ . _ 

A Source Book^— with descriptions, photographs, illustrations and performance data of 
^md^i^tn^w^o^ff^^6 buildings. " ■ 

A Workbook — \ affita^ning a^te^-^y-^tejfpr^ passive spNar 

v heating systems; methods for calculating building heat loss, heat gain, 

y system performance and cost effectiveness; and sun charts and 

\graphic tools for designing shading devices, determining the extent of 

^ Sjolar .obstructions and calculating solar radiation values. \ 

>=""' \ . • 
Edward MazffaMs an architect, a member of the American Institute of Architects, and 

president of Edward\ MaYria and^ Associates, J nc, in Albuquerque, New Mexico. The 
author of many solaryublications, he has. taught courses rn architectural design in solar 
energy and has conducted many passive solar workshops throughout the cpLjntry for 
architects, builders anq owner-builders. " " 

,\ , 1 ...... ■ - - - - 

passive solar energy systems collect and transport heat by natural means. In essence, the 
building structure or solme element it f* '.'the system.. There are no separate collectors, 
storage units or mechanical equipment'. Passive systems are simple in concept and use, 
. haWfw moving parts and are buUt using common Construction materials. The moststrik- 
ing difference between passive and active systems is that one operates on the energy avail- 
able in itsimmediate environment and the other imports energy to make^he system work. 
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Now we're getting serious. Passive techniques are beyond the experimental 
stage. We know they work, and in different climates. But* we have not 
known with- confidence how to calibrate them for tncHvidual applications, 
^site-by siterhouWtty house; But the rigors of modern computer analysis are 
now giving us real answers; and Ed Mazria's book gives a wonderfully clear 
pr esentatio iLflfJbo-th thejouLoi pa5sjye_architectu*eH«^h^number^^ 
.can make rt work for you. ^ 
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Fred Nelson, Sunset 



The best book we have seen on passive solar buildings because it makes the 
fundamental reasons why such buildings are highly desirable so crystal 
clear. And, once you really understand the fundamentals of any subject, the 
rest is easy. 

William B. Edmondson/Edftor, So/ar Energy Digeft— 
....'.:•'...'■ ' '■ ' - ■ * ' ^ ~ rr~~' 

Reverses the recent, unfortunate trend toward high-priced passive solar,, -- - ' ^ 
books full of prettified, egotistical architectural eyewash, yet_de^oid~oT the 
'needed- revelation of technical secrets that keep^afly-desigher employed. Ed 
tells all and dcres it withoutjs^ 

standard of excellence for future writers in this overcrowded.f ield. * 

— ^- — " 7" Hee Johnson, Editor, RAIN: j,6urnal of Appropriate Technology 

* cover design and illustrations by Russel Ball 
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Using theiBook 

What the Book Is About 

IfiiS Book supports a new attitude towards arcnilec'lure./lt?delcr1bes a way of 
building that is strongly related to- site, climate, local building materials and 
the-jSun. It implies a speci-al. relationship to natural'grocesses that offers the 
potential for an inexhaustrble supply of vital energy. This attitude is ObviQusly 
not entirely new, since much vernacular architecture has always reflected a 
strong relationship to daily and seasonal climatic and solar variations. In recent 
years, however, relying on the misconception of an infinite and inexpensive 
energy supply, people have chosen tp abandon these long-standing con-' 

sirlpratinnc: I 



Architecture in the twentieth century hds been characterized by an emphasis 
on technology to the exclusion of otherlvalues. In the built environment this 
concern manifests itself in'the materials' we build with, such as plastics and 
synthetics. There is an existing dependence on mechanical control of the 
indoor environment rather than exploitation of climatrc and other natural 
processes to satisfy our comfort requirements. In a sense, we have. become 
-prisoners of complicated mechanical systems, since windows. must be inoper- 
able and sealed in order for these systems to, work. A minor power or equip- 
ment failure can make these buildings uninhabitable. Today, little attention 
is paid to the unique character and variation of local climate and building 
materials. One can- now see essentially the same type building from coast to 
coast. " " ' , 

Today, there is a strong, new interest in passive solar heating and cooling 
systems because they simplify rather trtan complicate life. Passive systems are 
simple in concept arici. use,- ; hav« few moving parts and require little or no 
maintenance. Also, these systems do not generate thermal pollution, since they 
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require ho external energy input and produce no physical by-products or waste. 
Since solar,energy is conveniently-distributed |o all'pa/tf of the globe, expen- 
sive transportation and, distribution networks of energy are also elirriinated. 

Smce a building or some element of it rs the passive system* the application 
of passive solar energy must be included in every step of a building,'s design, 
r -Whereas conventional or active solar-heating systems can 'be somewhat inde- 
pendent of the conceptual organization of. -a build i jxg , it is extremely difficult 
to add a passive system to a building once it has, been designed. 

To date,' architects,, builders and owner-builders have made Ji^tje use of the 
information available concerning passive systems because, 'it is too technical; 
cumbersome and time-consuming in application. To be useful, information 
must lead to the necessary degree of accuracy at each stage of a building's 
design. The degree ef accuracy increases" as the-<Jesign moves from the 
t 5chematic"stage through detailed drawings and models and firtally to construc- 
tion documents. Tn the early stages, it makes no sense to perform extensive 
heat loss and gain calculations,, since the building wHI change many times 
before a design i5 complete. ■ _ - * ' 

•the basic purpose of this book is to make technical information accessible to 
all people. The text is written in such a way as to facilitate this. The\aribus 
elements that make up a passively heated building 'are explained separately 
' and,ordjered in a sequence tliat makes them easy to apply to a building's 
" design. The illustrations that accdmpany the text are intended to convey very 
technical information in a. simple and clear format. 

This book deliberately does not use professional architectural and engineering 
* graphic symbols to represent various, materials and concepts, but, instead, 

illustrates them with a degree of realism. The photographs shpw-.- existing 
^applications of-..both entire systems as well as specific details. ' . % 

Tp allow for change resulting from,new experiments and observation, the book 
is structured in a way that permits the^re^d'er to improve and add information 
#s mip$2 is learned about' passive systems.. Since each element "of- a passive 
system "is treated separately ' in the text, 'the retrieval of specific pieces -of, 
information is- made easy. > ' " • • * . [ 

' ■ . -u J- » 

. ' - ■* - «i . . : , j 

The information in this book ca^be used lat all locations between 28° and 56° 
north/latiluae.. AIso y -tbis!in£ojfrnaJtiQn-.can'be .adapted to the sarne latitudes in 
the Southern Hemisphere by simply reversing the seasons and reversing true 
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south with true-north. Thus, for example; June 21 becomes the shortest day 
of the year and December 21 the longest. Winter is in June, July and Aggust, 
and the sun is low in the northern sky rather than, in the southern sky. 
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Tig. 1-1: Geographical, regions covered in this book. 



ThkContehts 



The Passiv&Solar Energy Book contains most of the information you wLlPneed 
■to successful design a passive solar' building. Its contents are ordered in 
sequence frorn\eneral sola^-theory and applications to system design and 
performance calculations. Chapter 2 contains the' fundamental concepts of 
solar energy, heat" thec.ry^ind-4hermal comfort. It prdvides the foundation for 
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updersTaTi^tn^- ; Hne^faixiiaUon given in the following chapters. Chapter 3 
presents the various types of passrv^^sTelrrsT^xfs^^g-^n^itectu^al, examples of 
each < system are included, along with, performance /Jata,, lo glv^ybir^amr 
mdication of their applicability to a wide range of climates, and location's. In 
the chaptef on design patterns, chapter 4, a method for designing a passive- 
solar heated building is provided: The intent'here is to lead you through, a 
process that allows you Jx> choose»and size a. system suited t'q your. particular . 
-needs. Once a building and system has bee'n designed, its performance can be 
calculated and then adjusted, if necessary. The graphic tools that follow in- 
chapter 5 concern the sun's position and movement across the skydome, 
solar intensity for different orientations, obstructions to solar collection 
and .the design of .fixed or. movable sha'ding devices. And finally, in *the 
^ Appendices, '. data necessary to accurately design arid, calculate a passive 
system is rkesefited. Before you^e^in reading this book, however, keep in 
mind that good desfgn- is the integration of m^wiy concerns of" which solar 
energy is but one. * ' . " , * 



The Format 

The Passive Solar Energy Book covers a wide range of passive solar concepts 
and information. In order to understand the details of a particular passive sys- 
tem, it is important to first understand the fundamental principles behind all 
the system*. To help you g^aWthese fundamentals, chapters 2 through 4 are 
written- in such a way that the\seritences in bold'type^summarj-ze the text that 
follows. By themselves, these sWencesrwheq read in sequence, form a con-. 

. tfnuous text. To read the book, first read only th"e bold fype, consulting the text 
*tp clarify and embellish particular points "of information. This will take you only 
B ,an hour or so. Oftce you .have^ read the book in this t way, you can^o back 

'> and read the entire text to acquire a full understanding- of the details/* 
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Natural Processes 

The Sun! and Earth 

The Originj of the Sun 



•At present, the 
was formedfrc 



most widely accepted theory for the origin of the sun is that it 
rn a cloud ongas composed" chiefly of hydrogen. - 



The fi rsi stage in the" sun's development was the gravitational contraction of 
hydrogen particles. At some point, when the gravitational contraction of the 
cloud caused violent collisions between hydrogen particles, t enough heat^was 
generated to fuse the hydrogen nuclei and release energy. The fusion or union 
of hydrogen ni. clef produced helium, The mass of this new-helium, atom was 
less" than[ that of the original "hydrogen atoms, since mass was converted into 
energy ir\ the fusion --process. The resulting release of energy opposed any 
further gravitat'ohal contraction of hydrogen. Th£p?F^t f,usion a reaction in the, 
cloud was the b irth of the sun. ^ f 

The energy output of the sun requires the burning or conversion of mass 
into energy at the rate of 4.2 million tons per second Assuming that the 
sufi has been, in -the hydrogen-burning stage for 6 b.i I Hon" years, this sterns at 
firskglance like a great loss. A closer look shows that the total mass of the sun 
is 2,200,000,00Q,000,Q00;000,000,000'000 tons, so that the sun loses only 
0.00006000000000000002% of its mass each second. At this rate, the sun can 
be expected to continue radiating energy for billions of years to .come. 



Solar Radiation 



The thermonuclear fusions at the core of the sun release energy in the form of 
high-frequency electromagnetic radiation. The theory which currently is .most 
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/ ' Photo 1 1—1: The sun 

accepted states that electromagnetic radiation can be represented as either 
a combination of rapidfy alternating electric and magnetic fields (or waves) or 
energy particles called photons. This definition of radiation is difficult to 
understand and visuaJi/.e, but the theory behind it allows us to describe and 
predict how radiation will act. Radiant energy is produced at the solar core at 
temperatures estimated between 18,000,000° to 25,000,000° Fahrenheit 
(10,000,000° to 14,000,000° Cejstus). The average temperature at the surface 
of the sun is'only 10,000 Q F'(5,5bq°C). - 
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J . ■ \ '.. ■ :,' , 1/ , 

The energy traveling through space is made up of radiation in different wave* 
lengths. Electromagnetic radiation is classified according to its wavelerfgth — 
the more energetic the radiation, the shorter its wavelength. Radiation is 
emitted from the surface of the sun in all wavelengrJis.^romJorig,wayelength 
radio waves to very short X rays and gamma rays. . , 

Although the sun radiates energy in many wavelengths, it radiates proportion- 
ally more energy in ce rtain wavelengths. 

At an average temperature of .10,000 °F, the sun radiates most of its energy at 
very high frequencies (short wavelengths). Visible light makes up 46% of tike 
total energy emitted from the sun. Visible light, or the wavelength to which 
the human eye is sensitive, extends from 0.35, to 0.75 microns (the unit used 
to measure wavelength is the rrikroh or micrometer which is equal to a 
millionth oj^a meter or .00004 of an inch). It is made up of all- the familiar 
colors irom (he shorter wavelength violet {0,35- microns) to blue, green yellow, 
orange and the longer wavelength red (0.75 microns). Forty-nine percent of the , 
radiation emiltedJmm the' sun is in the infrared (below red) band. Jnfrared 
radiation, Which we experience as heat, is radiation at wavelengths longer than 
the red end of the visible speetrumjgreaterlhan 0.75 microns). The remaining 
portion of the sun's radiation is emitted in the ultra-violet band at wavelengths 
slaorter^than the violet end; of the visile spectrum, (smaller than 0.35 microns). 
All electromagnetic radiation leaving the sun travels through space at a 
uniform rate, in the form of, diverging rays, traveling at the speed of light which 
is 186,280 miles a second' (300,000 kilometers a second)." The earth a small 
body compared to the sun, intercepts such a -small part of the syn's radiant 
output that the sun's fays are assumed to be a parallel beam. At a distance of - 
93 million miles from the sun, the earth intercepts approximately 2 billionths 
of the sun's radiant output or the equivalent of about 35,000 times the total 
energy used by all people in one year. t 

The Solar Constant, which defines the amount of radiation or heat energy 
reaching the outside of the earth's atmosphere, js 429.2 Btu'sper square foot 
per hour (1.94 calories per square centimeter per hour). In other" words, if we 
located a square foot of material just outside the earth's atmosphere and 
perpendicular to. the sun's rays, it would intercept 429.2, Btu's of energy, each 
JmujiJ"here are slight variations in the 1 numerical value of the Solar Constant 
Hbeea use, ^Vhil e the earth's orbit around the sun is almost perfectly circular, 
within this orbit the sun is slightly off center. This difference is important to 
scientists doing, detailed calculations out in 'space» ibut on the "earth's surface 
the variation is so slight it has little effect on the solar heating of buildings. 
. ■ - / . ' . 
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Fig. 11-1; Wavelength characteristics of solar radiation are given for^ 

the top of the atmo'sphere (dotted) and at the earth's surface. 



Radiation and the Earth's Atmosphere 

Of all the solar radiation intercepted by the earth (including the atmosphere), 
as much as 35% of it is reflected back into space. The rBflectipti bf energy 
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^from an object isjcalled the albedo of the object. The albedo of the earth taken 
as a whole is 35 to 40%. Most of this energy isreflected back into space from 
clouds and atmospheric dust, but some reflection occurs at the surface of. the 
earth from surfaces such as water, snow and sand. 

Part of the remaining portion of solar radiation, while passing through the 
earth's atmosphere, is scattered in all directions as it interacts with a7r mole- 
cules and dust partijcles. As a result, some of this" scattered or "diffused" 
radiation comes to earth from all parts of the skyd.ome.' Scattered radiation, 
primarily in the blue potion of the visible spectrum, is responsible for the blue'' 
color of the clear skyi 




. Fig. 11-2: What happens to solar radiation intercepted by the 
earth's atmosphere. . ■ * ■ ■ 
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While clouds and dust scatter and reflect approximately a third of. the incoming 
energy, the .water vapor, carbon dioxide and ozone in the atmosphere absorb 
another 10 to 15%. In the upper atmosphere, ozone removes -virtually all the 
high-frequency ultra-violet radiation reaching the earth's surface.' This is 
essential since ultra-violet radiation, can cause skin burn and eye damage and 
it can be lethal even in moderate doses. Water vapor and carbon dioxfde in 
the lower atmosphere absorb portions of the radiation, primarily in thei 
', infrared band. » 

"' Besides the composition of the atmosphere, the most important factor in 
determining the amount, of solar rad^tion reaching the earth's surface is the 
length of atmosphere the radiation must pass through. During the day when 
the sun is directly overhead., radiation travels through the least amount of 
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atmosphere en route to the earth's surface., As the sun moves closer to the 
horizon (sunset), the path of the radiation through the atmosphere lengthens. 
The more atmosphere or air mass that radiation must pass through",/ the less its 
energy content will be due'to the increased absorption^and scattering of the 
/radiation. At sunset the radiation content of the solar beam is sufficiently low 
/to enable us to glance directly at the sun. As the /height above sea level 
' increases, the amount of atmosphere that solar radiation must pass through 
decreases. Therefore, the energy content of sblar radiation at high altitude 
locations will be somewhat higher. ; 



Because of the earth's tilt and rotation, the length of atmosphere that solar 
radiation passes through will vary with the time of day and month of the year. 

The path of the earth around the sun is a slight ellipse, barely distinguishable 
from a circle. As the earth orbits the sun, it rotates, once a day ori an axis that'" 
extends from the North Pole to the South Pole\This axis is tilted' 23 V2 (exactly 
23.47°) from a vertical to the plane of the earth\orblt around the sun. 




EMBER 



Fig.JI-4: The earth's tilt remains constant 
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The earth's tilt is responsible for the seasonal variations in weather. The tilt is 
constant as we orbit the sun, so that in the summer months the Northern 
. Hemisj^ere' i(§ slanteo toward the s^'n. During this time' the Northern Hemi- 
^sphere receives' more/hours of sutishine and the incoming radiation is closer 
to'perpendicular to tme earth's surface. During the winter months the situation 
is reversed, and the /Northern Hemisphere feceivesj fewer hours of. sunshine, 
at a lower angle; wryle sumrfte r prevails in thje Southern Hemisphere. 




r 



■est - 





Fig. 11-5: The tilt creates the seasons. 
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Radiation and Matter 

Solar Intensity on a Surface 

The angle the sun's rays rnake with a surface will determine how much ehergy 
that surface receives. Since solar radiation comes to earth in essentially parallel 
rays, a surface that is perpendicular to those rays will intercept the greatest 
amount of energy/ As the sun's rays move: away from being perpendicular, 
the energy intercepted by a surface wiM decrease. ■ i ' 

Perhaps the best way to imagine this is to think of the parallel rays 
of the sun as a handful of pencils held with their points touching a 
■^.^ {abletop. The dots made by the points represent unit's, of energy, 
• When the pencils are held perpendicular tothe tabletop, the dots are 
as compactly arranged, as possible: energy density>per -square inch is 
% at a maximum. As the" pencils are inclined toward* the parallel, the * - 
dots begin^to cover larger and larger areas: energy density peresquare 
inch is.ctecreasing. • > > 

' --- -■a..... _ ; ' Barbara Francis* 




Fig. 11-6: Energy density is determined by the angle of incidence. 



*Master's Thesis of Barbara Francis,- University of New Mexico, 1976. «> 
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However, a surface can be facing as much as 25° away from perpendicular to 
the sun and still intercept over 90% of the direct radiation. The angle 
that the rays of the sun make with -a line perpendicular to a surface (also 
called the angle of incidence) will determine the percentage of direct sunshine 
intercepted by that surface. Table 11-1 lists -the percentage of sunshine inter- 
cepted by a surface for different incident angles. 



Table 11-1 Percentage of Radiation Striking a 
Surface at Given Incident Angles 



Incident Angle 
.{.degrees) 



Solar Intercepted 
(percent) 



■f 




5 

.10 
15 
20 
25 
30* 
35 
40 
45 
50 
55 
60 
65 
70 

/75 
80 
85 
90 



100.0 
99.6 
98.5 
96.5 
94.0 
. 90.6 
° 86.6 
81.9' 
76.6 
70.7 
64.3 
57.4 
5Q.0 
42.3 
34.2 
25.8 
.17.4 
8.7 
0.0 




ANGLE a = ANGLE OF MCDENCE 
ANGLE b= ALTITUDE ANGLE 
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The total amount ojf energy intercepted by a surface consists of not only direct 
radiation, but also diffuse and reflected radiation. The total amount of radiant 
energy intercepted by a surface is greater than that frorh the direct rays alone. 
Diffuse radiation, of the energy scattered by the atmosphere and redirected to 
the earth's surface, jean be as much as 50% Of the total when the sun is, at a 
low altitude, and 100% on a completely cloudy day. However, on clear days 
'diffuse radiation comprises only a small fraction of the totaj. The intensity of 
radiation reaching a surface from a reflective material depends upon the 
quality of that material's surfaq| finish and tfae angle of incidence between the 
solar beam and the reflector. The larger the angle of incidence, the more 
the radiation will be reflected. ' ,■ 

It js important ^to realize that the collection df solar radiation is dependent on 
the area of tire collecting surfaces. The energy content df solar radiation is 
fixed by the output of the sun. To collect a certain amount of energy from the 
sun, an area large-enough! .to collect it is necessary. This applies to all solar- 
heafing systems from soutn-facing glass in a residence to collectors "that focus 
the sun's energy. TThe a/ea intercepting the sun's rays will determine the 
maximum amount of radiapt energy that can be collected. , T . 

Reflection, Transmission and Absorption 

As solar radiation strikes the surface of a material, three things can happen. 
The radiation can be reflected, transmitted and/or absorbed. 

Depending on the surface texture of the material, reflected radiation will either 
be scattered (diffused) or reflected in a predictable mannejiv^ough-t|xtured 
surfaces will scatter radiaticin, while, surfaces such as a mirror or highly polished 
aluminurrr will ' reflect 'light in predictable parallel rays. For example', a masonry.* 
wall, because of the irregularities pf its surface, will not reflect radfafion in a 
predictable manner. It will scatteror diffuse the radiation, in aU'd^rections In 
Contra'st, a very smooth and highly polished surface will produce a predictable 
reflection. (In this rrianner, lig|i^ncl other radiant energy sources, can 64 
control led.)* The ar||le it which th&rays strike a reflecting surface .will -be equal 
to the angle of tig refje^cj rays. Qj^ to put ft another way, the angle of 
incidence will. equal the. angle of reflecibn. . ° 

What we perceive as color is the result of visible radiation in certain wave- 
lengths- being reflected from a surface; while all the other wavelengths are 
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POUStCD SURFACE 



SPECULAR REFLECTION 



MATT SURFACE 



DIFFUSE REFLECTION 

-V Fig. 11-7: "Surface finish determines the quality of reflection. 



- transmitted- or absorbed: Since xnost of the Yadiatiorr arriving from, the sun 
! ■ consists of visible radiation, pr ^ radiation concentrated " near the visible 
spectrum^ the criterion for reflectivity is closely related to color values, tf an 
^>-o=bject absorbs nearly all the visible radiation thafstcikeVit, it appears black; 
■>. if it Reflects most of thje radiation, it^pe^r| white,-, since white is the com- 
: -■■ bination. of atNhe colors in;th&Visible^:spe%t^m;^rld. brick ^vvall will .reflect 
\' visible, radiation In tfie^re^pectrum wftie ai^sort^irjjg .other colors. 



[*'■- The solar radiation that penetrates a material will either be transmitted or 
^-absorbed., y t /> ' /_ : 
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A material that transmits most of the visible radiation that strikes it is TRANS- 
PARENT. The direct passage of sunlight through, a material is best illustrated 
by ordinary window glass. Most of the solar radiation passes through glass with 
very little distortion. During a clear winter day, for example, a vertical single 
plate gl ass window transmits about 85% of tne solar energy striking its surface 
double gla.ss about 75%. Other materials' can be equaHy transmissive but Will 
deflect or scatter the radiation that passes . through ,it. We refer to these 
materials as being TRANSLUCENT. ' 
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CLEAR 




_ 85^ 



.v 



absorbed... 
radiated and 
convected 




75%, • v 





TRANSLUCENT 

e." 

fig. 11-9: Transmission characteristics of glazing materials. 




x Some radiation is reflected and some is absorbed by the glass. Reflection losses 
are greatly dependent on'th^e angle ^f incidence of the radiation striking the 
- glass. The greater the angle df incidence, the greater the reflection. Absorption 
depends mainly on the iron content of the glass. Glass of 'high iron content 
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has a lower transmissivity. This can be seen by observing" the edge of a glass 
sheet; edges which appear greerihave a high iron content. , 




Phpto ll-2: diffusing direct sunlight. 
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^ig. II — 10: ■Transmission, declines sharply at i.ncidence angles 
• greater tha*n 50°. 



' ' . ' •-■•> *> ; 

Solar radiation absorbed by a substance is converted into thermal energy* or 
heat. Solar radiation absorbed by the molecules at the surface 'of a material 
will accelerate their movement. As the vibrational movement of molecules, 
in a material increases, the heat content of the iTfa'terTaT increases. , * 

As heal isjadded to a solid I material, its temperature will rtee. Therefore/ tem- 
perature isjthe measure of the intensity of heat, which is defiped 1n terms of* the 
mQverrreht of molecules; the more' rapid, this movement, . the' higher the 
temperature.' •„ 1 , ■ ., "t "'J 



Characteristics of Heat 

Heat Transfer 

■ *■ > . 1 ■ ■ ■ ■ ■ ■ * i ' / 

As it is heated by solar radiation, a material seeks to achieve equilibrium with 
itSjSurroundings through three basic heat transfer processes: conduction, con- 
vection and radiation. 
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First, as solar radiation is absorbed by a material, the absorbed energy 
redistribute itself within the material as it is passed or CONDUCTED between 

- mdlecules. Conduction &*the process in which heat eneVgy is transferred 
, between molecules within a substance, or between two substances in physical 

contact^by direct molecular interaction. The warmer molecules bump iriio and 
■ pass some, of their -vibrational energy to adjacent molecules. The direction of 
heat flow is always from "warm, to cbol. As the'molecules at the surface of a 
material are heated by solar radiation, they pass this energy to cooler adjacent" 
' molecules dispersing the heat through the material so th'aUt- takes on a more 
uniform temperature, fhe ralejaLheat flow or the thermal conductivity (k).of a ' 
x substance is dependent on the capability of its molecules' to send, and receive 
heat. Forexampje,, metal will feel colder to the touch than wood of. the same 
Iqw temperature. This is due to the fact that metal'has a higher conductivity 
and it will absorb heat^and pass it from its surface to its inferior much faster- 
thap wood. The more heat conducted from the hand, the cooler a material 
feels. In general, because gases are poor conductors, materials that trap tiny 
air pockets are usually poor conductors. A good example of this is building 

insulation wtiich contains thousands of tiny air pockets. 

i _i. >* • ' ^ x 

_ Second, a material will transfer heat energy from its surface to the molecules 
oTaivlrijaceM^ujd* by^ CONVECTION. Convection is defined as (TJ the 

- transfer of heat between a surface and a mpving fluid, or (2) the transfer of 
heat by the movement of the molecules from one point, in a fluid to another. 
Jn convection processes, heat again always moves from warm ~fo~cook- As the 
coohmolecules'of a'fluid such as water or air come into physical contact with a 

%arm surface,. some of the' vibrational' energy at the surface of the material is 
jn^Rsferred to the adjacent f Ijcrfd-molecules. The greater the temperature differ- 
ence between tw^o'iubstances7~the--mdre heat will be transferred. Conduction 
|tojri the'surface o.f the material to thefJuid is fhe initial heat transfer process, 
'but asvthe fluid is, warmed, jit expands, becomes less 'dense and riseX. As the" 
» warmer fluid molecules rise, they are replaced by cooler molecules. This' results 
: -in a contincial movement 6f the fluid. When'heat alone is responsibly for this 
movement, the process is called NATURAL CONVECTION. 



The convection process.also 
'tact with a cool surface, the 
the cool surface; become 
withr.a-^Qld glass window ifrdtn 
(the window. 



works in reverse. As a warm fluid conies in con- 
warmer molecules transfer, some of theit heat to 
ier and sink. For example, warm air in contact 



hoavi 




dxa&_c 



?~f4eef near 



*Flu.id is the term used for a liquid orgas*. 
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If the fluid is pumped or blown across a surface, the rate of cojwectiye heat 
transfer will increase. As a cool fluid comes in contact with a warm surface, 

■^h^11pTo^is~WaWn^aTSince\the rate of heaTTlow frorrTfl^slJrface to thlTfTuTd 
increases as the temperature difference betweerr tv|b -subs.tances increases, the 
faster the warmed fluid molecules are removed frdm thi surface and replaced 

• by cooler molecules, the faster will be the rate of heat transferror example, 
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when ai;r.is blown against the surface of a'hot spoonful of liquid, it cools faster. 
The air molecules that have been warmed at the surface of the liquid are blown 
away and replaced by cooler aft "molecules which are capable of absorbing 
' -more heat. This process is called FORCED CONVECTION. ' ? 




And third, all materials RADIATE energy all the tiijie. All materials are con- 
stantly radiating thermal energy in : |ill d1re<5ticfns because of the continual 
vibrational movement of molecules (measured as temperature) at their surface. 
Ip contrast to solar radiation, which consists of shortwave radiation emitted 
at. very high temperatures, thermal radiation experienced as heat consists of 

longwave infrared radiation emitted at a much lower temperature. . / ' : 

- » - 

As the fir.e dies down- and the flame and coals become more red and 
give off less light and slightly less heat . . . after awhile the flame 
disappears, the coals (j^come dull red in appearance, then a darker 
( red, and finally they glow no more.- Light is no longer emitted from 
the warm coals, but heat continues to b^ given off. The warmth 
of the coals is felt for hours as radiated heat or infrared radiation, 
but ft is not sieen as light. 5 ^ 

\ ' » . *~ John Mather* 

The amount of thermal energy a material radiates depends on the temperature 
of th e ra d iatiing surface. , 

* l| ' ' < J 

The output of thermal radiation from a surface not only varies with surface 
temperature, jbjut also with the quality or EMjSSIVITY of the surface. In general, 

*John R. Mather, Climatology: Fundamentals and Applications. 
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most materials are good emitters of thermal radiation, that is, they radiate 
thermal energy easily, the emittance (E) of a material is an'indicator of that 
material's ability., to give off thermal ''radiation. Most building materials,- for 
example, have emissivities of 0.9 which means that they radiate' 90% of thfr 
thermal energy theoretically possible at a given temperature. Normally, highly 
polished" surfaces, siach as shiny.metals, are l poo.r emitters of flie<mal:xadiation. 
This means they radiate very little heat at a given temperature.* \ t 

.* ' ' ■ "■' ' " ' M ! 

Not all materials, however, absorb thermal radiation; some will reflect it 
and/or transmit it. The capacity of a surface to reflect thermal radiation will 
depend upon the density and composition , of the surface rather than on jts 
colpr. Although color is a good indication of the ability to reflect solar 
radiatiorr,4tiTcrW6r indicator, pf the ability to reflect theimal radiation. Mo'st 
^construction materials,/ regardless ot color, act as a "black body," * Absorbing 
rnost of the thermal radiation they intercept. ■ 

■■' ■ ' \ » • . . / v; I 

** >, . . i .*• 1 i 



In general, only highly polished or shiny surfaces, such as aluminum foil, 
reflect large amounts of the thermal radiation they intercept. The 'designers 
of airplanes take advantage of this principle by providing the undersides of 
airplanes with a polished metal finish so that thermaLenergy or heait radiated 
from at hot asphalt runway will be reflected, thus keeping the interiors of the 
planes cooler when parked at a terminal. 

The amount of thermal radiati6n/a surface intercepts depends on the angle the 
Radiation makes with that surface. This is- the" same principle that applies to 
solar radiation. Two surfaces that are^araflel to and facing each other will 
exchange a maximum amount of thermal radiation, while surfaces facing each 
other at an angle will exchange less: If both bodies have the same absorptivity, 
the result of this energy exchange is a net radiant heat transfer from the warm 
body to the cool body. „ • 



Materials that transmit visible solar radiation do not necessarily transmit 
thermal radiation. — \ 

■ v ■ : * ' ; 

Glass, which allows virtually all the visible solar radiation striking its! surface to 
pass through, will absorb most of the thermal (infrared or long wavelength) 
radiation it intercepts. This property of glass is highly^deiiratete for use in 
collecting solar energy. Once sunlight isV transmitted through glass and 

,'*ln physics, a "Black body is an ideal material that is ab)e to" absorb and emit radiation perfectly. 
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absorbed by materials in a space, thermal energy reradiated by these materials 
will not pass back 01A through the glass.* 

This process of trapping heat is commonly known as the "greenhouse effect." 

A good example of the result of thrs effect is the heat that builds up in an 
automobile that has been sitting in the sun for a few hours. Other materials, 
such as some plastic glazing materials that admit a high percentage of solar 
radiation, will allow as much as 40% -of the thermal radiation they intercept 
to pass through. In this' aspect, these maierials are slightly ress desirable for 
use in solar heating. 




.Fig. 11-13: Greenhouse effect. 



Heat Storage 

All solar-heating systems are based on storing solar energy within a material 
for a period of time. This is accomplished by heating a material which will 
store the Heat until it is needed. Coojing systems, on the other hand, do 
exactly the opposite. A substance is cooled, or heat is taken out, and kept 

— 1 ; ! i_j _ , ; ; i , 

"This does n6t imply that radiation losses from a* space are eliminated. Ajthough glass does not 
trapsmit thermal; radiation, it absorbs this energy and then reradiates and conducts it to the 
outside, but at the lower temperature of the glass surfade. . > ■ 

' . • '~ • ■ 25 
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that way so it can absorb heat at abater time. Heating and cooling a space is 
essentially . based op the same concept. Very simply, the idea is to keep a 
* feftiperature difference between the substance and the surrounding tempera- 
ture. * . , 

For this reason, when solar heating a building, it is important to construct the 
building of a substance that can store enough solar energy (ot*heat) in the day- 
time to keeplhe building Warm during a cold winter night. The capacity of a 
material to store thermal energy is cajled'its specific heat, which is defined as 
the amount. Of hear, (measured in Btu's") one pound of a substance can hold 
when its temperature is- raised one degree Fahrenheit. In the construction 
-trades, however, the" quantity of a substance is frequently given in cubic feet 
rather than pounds. Therefore, the volumetric heat capacity of one cubic foot 
of a substance is simply its specific heat multiplied by its density (number 'of 
pounds per cubic foot). 

Table 11-2 lists both the specific heat and heat capacities of various substances. 

Notice that although brick and concrete have toughly half the specific heat of 
expanded polyurethane, their density is much greater, so per unit volume 
they can store substantially more hlat. " 



Table 11-2 Specific Heat and Heat Capacity of Various Substances 



Substance 



\ 



Specific Heat 
(Btu/lb-°F) 




Density 
(Ibs/cu ftj 



Heat Capacity 
(Btu/cu ft-°F) 



, Water * . i 

Wood,, Oak • .. ' t 
Expanded polyurethane * 
Wool, fabric ' ?■ ' 

Air> ' .. "'. |r . 

Brick 

' \" , > '■' - 

, Concrete 

Steel ? . 



62.%. 
47 



6.9 > 
0.075 

123 

144 

489 



62.4 

26.8 \ 
"0.57 
2.2 

0.018 

■-S ■ 

25 
22 
59 
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However, apar^,fronp haying a high heat capacity, to be effective as a heaJ 
storage medium a substance must also have a relatively high conductivity^ 

Wood and brick hayjef" about the same heat storage capacity; however, wood* is 
usually not used for heat storage. The reasorris simply that wood does not 
conduct heat as well as brick and. is, therefore, not capable Of transferring 
much heat frdm its surface to its interior for storage. . I 
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Passive Solar Systems 

Approaches to Solar Heating 



e There are basically two distinct approaches to the solar heating of buildings: 
active and passive. ^ . 

In general, active systems employ hardware and mechanical equipment to 
collect and transport heat. Flat plate or focusing collectors (usually mounted;on 
the roof of a building) and a separate heat storage unit (rock bin, water tank or 
combination of the two) are often the majoT elements of^the system. Water; or 
air, pumped through the collector, absorbs heat and transports it to the storage 
unit. This heat is then supplied from the storage unit to the spaces in a budding 
' by a completely mechanical distribution system. 

Passive systems, on the other hand, collect and transport heat by nonmechan- 
• icat means. The most Common definition of a "passive solar-heating and cooling 
system is that it is a system in which the thermal energy flows in trie system are 
. by natural means such as radiation, conduction and natural convection. In 
essence, the building structure or some element of it is the^ system. There are 
no separate collectors, storage units or mechanical elements. The most striking 
differerfce between the systems is that the passive system operates on the 
energy avlilable in its immediate environment and the active system imports 
energy, such "as electricity, to powef tfie fans and pumps which make the 
system work: ■ * 

There are two basjc elements in every passive solar-heating system: south- 
facing glass (or transparent plastic) for solar collection, and thermal mass for 
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heat absorption, storage and "distribution. Popular belief has it that a j)assive 
building, must incorporate Targe~q¥anfi'tTes oTtrTese 1 Two"e1ements7Uur studies 
show, however, that while there must be some th-ermal mass and glazing in 
each space,' when properly designed' they are not necessarily excessive. This 
will become evident when* you read the sizing procedures given in chapter- 4, 
''Design Patterns." \ ..... ' 

To establish a framework for understanding passive systems, three concepts 
will be defined: DIRECT GAIN, JNDIRECT GAIN and ISOLATED GAIN. Each 
explains the relationship between the sun, heat storage and living space. 
Within each of these categories' we are able to identify various systems / 

' ■ ; 

Direct Gain 

The, first and simplest approach to passive solar heating is the concept of 
Direct Gain. Simply defined, the actual living space is- d if ectly Heated by sun- 
light. When the space is used as a solar collector, it must also contain a 
method for absorbing and storing enough daytime. heat for cold winter nights. 
In other words, with the direct gain approach 4he space becomes a live-i-n 
solar collector, heat storage and distribution system all in one. One important 
note, Direct Gain Systems are always working. This means they collect and 
use every bit of energy that passes through the glazing — direct or diffuse. 
Because of this, they not only work" well in sunny climates, but also in cloudy 
climates with great amounts of diffuse solar energy, where active systems can 
hardly perform as effectively. 

In this approach, there is an expanse of south-facing glass and enough, thermal 
mass, strategically located in a space, for heat absorption and storage. South- 
facing glass (the colleq.tpr) is exposed to the maximum amount of solar energy 
in winter, and minimum amount in summer. For this reason; it is the Tdeal 
location for admitting direct sunlight into a space: Since a portion of this 
solar heat gain (sunlight) must be stored in the space for. use at night (and 
possjbly during periods of cloudy weather), the floor and/or walls must be 
constructed of materials capable pf storing heat. v ' 

Today, the two most common materials used for heat storage are masonry and 

water. Masonry thermal storage materials include concrete, concrete block, 
brick, stone., and adobe, either individually or in various combinations. 
Typically/ at least one-half to two-thirds of-'the, total surface area in a space is 
constructed of thick masonry. This implies that the interior be largely cdn- 

' 29 



The Passive* Solar Energy Book 



structed of masonry io insure tha_t.there.is enough sufface .area of exposed mass 
„for adequate heat absorption and storage. Water 1 " storage, on the other hand, 
is usually con t ain e d in "o nly one wall of a space. The'water wall is located in 
the Space in such a way that direct sunlight strikes it for most of the day. 
Materials! .commonly used to construct thfe wall are plastiq>or metal containers. 
During the daytim-e, the mass is charged with heat so that at night when out- 
door and spa^e temperatures begin to drop, this heat is returned to the space. 





DAY 





NIGHT 



MASONRY HEAT STORAGE 




DAY 



INTERIOR WATER WALL 



Fig. Ill — T r Direct gain systems. 
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In hqj: summer climates with cool nighttime temperatures, the mass can also 
act to keep a building jcoo\ \during the -day. First, because of its time-lag' 
properties, massive walls keep heat from reaching the interior of the building 
until the evening when outdoortemperatureY are cooler. Second, outdoor air 
circulated through trie building^a.t night cools the interior mass so it absorbs 
heat and provides cool interior surfaces during the day. 

One of the earliest and largest contemporary examples of a Direct Gain System 
o ° is tM St. Qeorge'sCounty Secondary School in Wallasey, England, near Liver- 
pool. The building-, designed by architect Emslie A'. Morgan, was completed in 
1962. Public reaction to the building at that tirjie was that the architect fiad 
' somehow harnessed a new physical principle. It was not until the late 1960s 
that extensive research and testing of the building was begun. * 

• •* *V 

j ' -■ * . 

The building, constructed of masonry, has a transparent south wall for 
° m^timum solar gain in winter.' Concrete, 7 to 10 indies in thickness, forms the 
rpof and floofs, Vvrth the'.north wall and' interior partitions made of 9-inch 
brick. This masonry, is. the principal means of heat storage in the building.. It is 
exposed to the o interior and* insulated fram th.e"-efcterior with 5 inches of 
; expanded polystyrene.. By contrast, the entire south walj of the building is 
essentially transparent. Twb sheets of gtass, the outside layer dear ,and the 
inside translucent, make-up the roughly 230-by-27-fdot wall. The translucent 
. layer refracts direct sunlight diffusing it over the surface area of interior mass, 
somewhat uniformly. . ' « - 

*- ■ . - ^ _ 

The masonry interior stores) heat and acts to prevent large fluctuations of 
indoor temperatures over the day. Recorded classroom fluctuations are on 
the average Qnly 7°F throughout the year (clear-day fluctuations are somewhat 
higher). This&clearly illflstrates the effect masonry has in keeping indoor tem- 
' peratufes relatively stable. . » . ■ . \ ■ 

.'. * ° '%>... ' " . . * 

The south wall 'admits enough solaVenergy to supply/ roughly 50% of the 
building's heating needs during the; year, and all this in a less-than-ideal 

* climate. Wallasey is located on the west coast pf England at~53°NL. Its outdoor 
temperatures are moderated by the warm eiulf Stream, but the current also 

. ^ .brings with it much fog and cloudy weather. InXclin^ate, at best thought to be 
marginally: suited. for solar energy application, the\bujlding is heated' 50% by 
-the sun with the remaining 50% supplied by lights a^d students. The conven- 
tional heading system, originally installed, was never\sed and subsequent 
removed. 
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Table 1 1 1-1 Principal Heat Sources 



Percentage of Heating Supplied 
" (rough estimate} ~~ 



Source 



(1960-69) 



Solar energy • 


- 50 




■ Incandescent lights 


34 




1,300 in classroom 






2,400 in art room 






Students: 15 to 35'students 


16 




per class 




__ k .' , ... i , — , , 



SOURCE: Joseph E. Perry, Jr., "The Wallasey School," Passive Solar Heating and Cooling Con- 
ference and Workshop Proceedings (Springfield, Va.: National Technical Information 



Service, 1976). 
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9" brick wall 
faced wKh plaster 
5" Insulation 
9" concrete • ■ • ■ 



l^i 2 pane* of glass 
separated by 24" 
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Fig. 1 1 1 — 2 : Sunlight is diffused over a large surface area of masonry. 
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Another, very different application of a direct gain concept is Maxamillian's 
restaurant, located in Albuquerque, New Mexico. The restaurant employs a 

.JlimctXiaj4xSysJtem.to^ppi ef4ts^»nter^eating-ti«eds-af«l-a 

natural cooling system to meet its summer cooling loads. 

(ts heating and cooling system consists of four south-facing, sawtooth clere- * 
stories and a masoti fry interior; The' restaurant; originally ah existing two-story, 
adobe and brick exterior courtyard of, approximately 1,600 square feet, was 
enclosed with four translucent glazed clerestories. In winter, direct sunlight^ 




^INDOOf^ANO^tTOOOWTCMPEftA^TORES-- > 
NOVEMBER 25, 26, 27,^1977* 

' Fig.- Ill— 3: Maxamillian's restaurant (here and facing page). & 
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SECTION SHOWING SUMMER AND WINTER OPERATION 



entering the space \s id iff used and distributed over the masonry^nterior. This 
enables the masonry to evenly and effectively absorb and store the incident 
energy. The masO]~iry\theh acts as a heat sink, storing energy during the daytime 
and releasing.it to the\space at night. 

In winter, the clerestories are desigped to admit enough sunlight to maintain 
space temperatures within the comfort range without any auxiliary heating 
system. The restaurant is designed to operate between, 65,° and 75°F during 

'business hours, then allowed to drop into the low 60's late at night when the 
space is not in use. To illustrate this, figure 1 1 1-3 graphs restaurant temperatures 
for a typical three-day period in winter. It can be seen that the "space maintains 
temperatureTbetween 61° and.71°F, however, during busirtess hours the tem- 
perature in the restaura nt only flu ctuated betw e en 65° and 71 °F. This means 
t fiat the restaurant is s!ightly\cool (65°F) until about 11:00 a.m. ( when people 
arrive for lunch and help boo\st the temperature well into the comfort range. 

-R-ememr^r-tha't 63°F air .temperature in a radiant heated space, is "felt" as f 



being warmer than a conventionally heated spate at that same temperature. To 
avoi'd the possibility of , overheating in wintery the *clerestbries were slightly 
undersized to allow for the heat gains frpm lights, people and appliances. 
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In summer, cooling is accomplished by .keeping the sun out and by ventilating 
the space at night. Most often, nighttime temperatures in Albuquerque drop 
into the low 6.0's. By opening both windows on th^e main level and the vents 
positioned high in the clerestories, a* convection current is induced; cool air is 
drawn in through the low openings and warmed air rises out through the high 
vents. The masQnry in the -space, cooled throughout the evening , by this 
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natural flow of ajr, absorbs heat and provides cool interior surfaces throughout 
"*""the day,,. Also, when outdoor" ferri peratuces "a'ncT sun f i g"h~t~are "rrios t i ri fense" 
shading devices permit only' indirect tight to filter into the. restaurant. 



During the winter oi 1976-77 the restauranit Operated cornfortably with the 
sun (and people) as its only heating source. 



And yet another example; the Schiff residence in western. Wyoming, demon- 
strates that passive solar heating can work effectively in very cold northern 
climates; v Tfie residence designed by Marc Schiff and Robert Janik was com- 
pletelf rn^j^T. Ft is similar to the previous example in, that it has a. south-facing* 
sawtooth cjerestory that admits direct sunlight ' into the. building. However, 
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mass for heat storage is contained in concrete block walls, tilled with concrete 
and finished with plaster, and. a slate floor that is -■<■( in a mortar' bed over a 
6-inch concrete, slab. Essentially, this Direct Gain Svstern Junctions in the same 
way as the Wallasey School a-'"-o Maxamillian's restaurant 7" 

Figure III -4 illustrates that even during periods of F weather the building 
maintained temperatures which were 56 F above outdoor tempe^ajures. (t is 
interesting to note that there is no heating system in this residence "other than 
two wood-burning stoves, one in the living space and one in the master bed- 
room. The owner states that "the house feels very comfortable clown to about 
62°F air temperature and tolerable, to about 55 F due to the fact that the w'aljs 
arod floor are from 3° to 10 F warmer m the evening tharrthe'.'air temperature 
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Many applications of interior water walls employ a combination of materials. 
For example, the Karen Terry house in Santa Fe, New Mexico, is a Direct Gain 
System with both interior masonry and water walls. The house, elojigated 
along the north-south axis, follows the contour of the south-sloping terrain. 
The interior, separated into thre-e levels by retaining walls containing water, is 
constructed mainly of brick, adobe and concrete block. Tim retaining walls 
consist of 'twenty-eight 55-gallon drums filled with water and wn anticorrosive 
additive, and covered with mud plaster. Sunlight enters the space through 
south-facing clerestories tilted at a 45° angle from horizontal. These clere- 
stories are placed in such a way that sunlight, at midday m winter, strikes the 
water walls for maximum heat absorption ■ 




if 

Photo II1-4V The Karen Terry house — terraced to the south for 
maximum winter solar gain. 
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Fig. lli-5: Section, Karbn Terry house, Santa Fe, New Mexico 



At 



In the winter of 1^75-76, the auxiliary heating supply for this horuse consisted 
of one-half cord o^vvood, burned in a small adobe fireplace. Wtifiout applying 
insulating "shutters ^ver the glazing at night, the house maintained tempera- 
tures in 'the 70s ,an4 high 60s for most of the wii i Lei . |Tbe-€^uiSest recorded 
temperature in the h\)use that winter, was 53°F early one} morning. 



Indirect Gain 



Another approach to passive solar heating is the concept of Indirect Gain, 
where sunlight first striked a thermal mass which is located between the sun 
and the space. The sunlight absorbed by the mass is converted to thermal 
energy (Hea^^cNhen|tRm^rTCcHrrto trt^ivhlg~spa^ce^"^^~^°^^ , ^• ^ 

There ar^ basically two types\p,f Indirect Gain Systems; Thermal ;Storage Walls 
and Roof Ponds. The" difference between the two systems Ms the location of 
the mass; one is contained in'\a wall and the other on the roof of the space 
being heated. • ''. \ "* *.• 
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The requirements for a Thermal Storage WalT SySterii i are south-fating glass 
^reasi (or transparent plasticV for-maximum winter solar gain and a thermal 
' mass, located 4 inches or ^more directly behind the glass, which serves for 
heat storage and distribution. - ■ 

„ "V* ■ - 

' *""' ? i 

There is a wide range of appropriate therrrial storage wall materials; however; 
most fall into -two categories: either masonry or water. Masonr^ materials 
include GOrjerete, concrete bjo'ck Jsolid o,n#Flled), brick, stone and adobe.' 
Containers^for 'water ificlucje metal, plas-tic and concrete with a waterproof 
lining. '• ; \ ■ . \ ' . . * 8 



1 g,, ' 

Masonry Thermal Storage Wall 



A masonry ; wall works by absorbing sunligty oji its outer face and then trans* 
ferring thre : heat thtough the wall by conduction. The outside], surface otthe 
wall is usually pained blac^(or a d'arl^rolor) for the bes£ possible'absorpt^pn 
, of sunlight. Heat. conducted through theWll is then distributed to the space 
.by radiation, and to some degree.'by.|crnvem0n-; froiTT.the inner face. ' 

By adding vents io the waJJ the distribution ofT^t by natural convection 
(thermocirculation) from the exfcerior^ace of the wall ii,also possible, but only 
during the daytimeand early. eveningt'Solar radiation passf^th rough -the glass 
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Fig. 111-6: IndirecY gafrF^masonry thermal storage wall. 
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JS-afasorhi'il l»y ■ L 1 i*> .■ vvjII ^^re^^^h^gTts"tu rf a ce to temperatures as high as 150°F.' 
This -heat is transferred to the air in the space between the wall and glass. 
Through openings or veAts* located at the lop of the Wall, warm air rising in thet- 
ai'r space sinters the room while simultaneously drawing cool room air through 
the low vents in th"e*wall. In this"way jkjditional heat can be supplied to a splice 
during periods of sunny weathe*. ° 

A well-known example of this system is the Trombe house in Odeillo, France. 

The house, built in 1967, was designed by Felix Trombe and-a-rchitect, Ja-cques 
Michel. The double-glazed thermal wall i.s~constructed of concrete, approxi- 
mately 2 feet thick, and painfed black to absorb the sunlight that pas&es 
through the glass. The house is heated primarily by radiation and convection 
from j;he inside face of the wall. . . °" 

Results from studies show that approximately 70% of this building's yearly 
heating needs are supplied by solar energy. Research 'undertaken since 1974 
indicates that abo^Jt 36% of 'the energy incident on the glass is 'effective in 
heating the building im winter. In this sense, the system's efficiency is com- 
parable to a good active solar heating system. 




Fig. HI— 7: Section, Trombe house, Odeillo, France. 
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Fig. Ill-fl: 

The Kelbaugh house, 
Princeton, New Jersey. 
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location clears the shadows from trees in winter and also provides for a large 
single south-facing outdoor space, 

* ■ / ■ ' ' . . - 

The solar collection system consists of a 15-inch concrete wall, painted black, 
with two sheets of double-strength window glass placed in front of the wall. 

Heating is mainly accomplished by radiation and convection from the inside 
face of the wall. However, vents located at the top and bottom of the wall 
on each floor permit daytime" heating by the natural convection of warmed 
air from the front face. 

According to data gathered in the winter of 1975-76, this passive system 
reduced space heating costs by 76%. Most often, temperature fluctuations in 
the house during, this period were small, on the order of ,3° to 6°F. Down- 
stairs; the seasonal high and low tempera.tutes were 68° and 58°F, with the 
average about'63°F, and upstairs 72° and 62°F, with an estimated average of 
67 "Fj. The upstairs experienced ' slightly higher temperatures due to the 
migration of warmed air through the open stairwell connecting the levels. 
; SevejraJ modifications, such as the addition of operable darripers to prevent 
reverse thermocirculation at night and a door at the top of the open stairwell 
to reduce heat migration to the second floor, were made between 1976 and 
,1 9*77. This improved the system's. performance so that the solar contribution 
was greater that year, reducing heating costs by 84%. ' 

Water Thermal Storage Wall 



. t — 
■? - 



Essentially masonry and Water thermal storage walls collect and distribute' heat • 
to a space in the same way. only a water wall transfers this heat through the' 
wall by convection rather than by conduction. The exterior face of, a 'water 
wall.is usually painted black- or a decolor for maximum sdlar absorption. 
As the wall absorbs sunlight, its surface temperature rises; however, convec- 
tion cu rrents withi n < the wall keep the surface relatively cool, white "dis- 
tributing the collected heat throughout the entire volume of water (see pattern 
12 in the next chapter for a complete description of this process). This heat 
is therl supplied to the space mainly by radiation (and some convection) from 
the interior face of the'vyall. . 



The classic example of the Water Wall System is the SteVe Baer residence in 
Xorrales, New Mexico; Tlpe house fs a series of ten connected domes which, 
enclose 2,000 square feet o1f. floor area. The domes actually employ a com- 



•Passive'' Solar Systems 

.t 





DAY 



NIGHT 



Fig. 111-9: Indirect gain — water therfnal storage wall. 



binatidn of passive heating systems — direct gain and 'thermal storage walls. 

Some of the south-facing walls are vertical and contain water-filled 55-gallon 
metal drums, stacked horizontally in a metal support frame. The, walls, 
approximately 440 square feet in area, are single-glazed and fitted with exterior 
insulating panels. These panels,- a,re hinged to the wall at the bottom so that 
duringpthe day, in their open r|6sHion, they function. as reflectors, increasing 
the daily solar gain through the south 'wall. Atjnight, hoisted into a vertical 
positiolji against the wall, they insulate the wall to keep the heat collected by 
the drubs inside the space. Control over the heat output of°the system has been 
kept relatively simple. Curtains afe drawn over the inside face of the wall when 
heat is not wanted. ' *~— — 



This system keeps temperatures inside the building .between 63° and 70° F 
throughout most of the winter. The water wall, together wjjth" interior adobe 
walls and\a concrete floor, moderates the daily fluctuations'. of temperature 
inside the puildiing. w Fluctuations are small, on theyOrder of 5°F. As a result of 
its large thermal capacity, the building responds slowly to outdoor weather 
-extremes. For this reason, during periods of clqfldy. vyeather the avera ge indoor 
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temperature, will, drop only 2* to 3°F each day. Auxiliary heating/provided by 
three wood-burning stoves, consumes »a toiahof approximately one cord of . 
wood each year. \ > 



Attached Greenhouse » ^ 

An attached greenhouse is essentially a combination 0f Direct and Indirect 
' .Gain Systems. In this case;a greenhouse (or sun-room) is*construcfed. onto the 
south side of a building vyith a mass wall separating the greenhouse frbm the 
building. Since it is directly heated by sunlight, the greenhouse functions as a 
Direct Gain/ System. However, the space adjacent to the greenhouse receives 
its heat.from the mass wall. ' 

Basically, sunlight is absorbed by the back wall in the greenhouse, converted 
to heat, and a portion of this heat is then transferred, into the building. In this 
sense, the attached greenhouse is simply an expanded' Thermal Storage- Wall 
System, only instead of the glass face being a few inches in front of the wall, . 
itjs a few feet, or wide enough to grow plants.' By constructing.vents or 'small 
windows in the wall, wa rm daytime'greenhouse air can also be circulated to 
adjacent spaced. " ~ ' 
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Photo 111-7: 



i 

— • — : v 



Steve Baer house; 
exterior (facing page) 
and interior (here). 



To be effective as a heating source for the building, the corh'mori wall is 
usually constructed of either masonry or water. A wall constructed of light- 
weight materials has very little mass, and heat storage capacity. Therefore, at 
night, as outdoor temperatures drop, the wall is not a heat source for the 
building or the^greenhouse. . \, 

There are many possible variations that allow for design flexibility in attached 
greenhouse application. For example, active systems such as fans can be used 
to insure that a greater percentage erf heat is. extracted from the greenhouse to 
heat adjoining spaces (see fig. In this case/warm air ducted from the 

greenhouse is stored in a rock bed usually located under the floor of the spaces 
being heated. Heat is then delivered to the space passively by radiation and 
convection -frorn thefloor's surface. 



53 



The Passive Solar Energy Book ° 




NH3HT 

Fig. 111-10: Indirect gain— attached greenhouse. 
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, Photo III-8: Attached greenhouse to the south, 




Roof Ponds 

In a Roof Pond System, thethermal mass- is located on the roof of the build- 
ing. In this case water ponds, enclosed in thin plastic bags, are supported by a 
roof (usually a metal deck) that also serves as the ceiling of the room below. 
The system is equally suited to both heating h winter and cooling in summer. 
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In winter, the pong's are exposed to sunlight during the day and then covered 
with insulating" panels at night. /HeaJ collected by the ponds is mostly radiated 
from v the ceiling directly to.fhe^pace below. The convection of heat from the 
ceiling to air irfthe space plays "a relatively mino'r role; 

In summeMhe panel positions are reversed, covering the ponds during the day 
to protect tHem from the sun and heat and removing thern at night to allow 
;the ponds to be cooled by natural convection and by radiation to the cool, 
night sky. After being cooled at night, the ponds are then ready to absorb heat 
from the space below the following day. • '„'/.- 

% ■ " 'I " v ° , 

The earliest example of a residence with a Ropi Pond System is the experi- , 

mental building in Atascadero, California. Thei Roof Pond System was per- 
fected by "Harold "Hay in 1967. It was €b't until 1973 that the first residence, 
based on Hay's, design, was built. The residence, {designed by architects John 
Edmisten and Kenneth'Haggard, is located in ah area that has both heatmg and 
cooling 1 requirements. » 

« ; . 

The rdof of this building is constructed of ribbed steel which spans betvyeen 
concrete block walls spaced at 12-fopJt intervals. The steej deck functions as 
the structure, heat exchanger (radiant panel) and finished ceiling for the 
'nterior of , the house." The concrete block walls and masoruy floor pf^de 
dditional thermal jnass, which increases the building's heat storage capacity 
and helps reduce cjaiiy fluctuations of indoor temperature. p 

Transparent plastic bags, filled with) water, are then placed directly on the 
steel deck to form the roof poinds. The poVids act as srijar collector, storage 
. miosis and heat dissipatq/s for cooling. Since they, cover the entire roof, the 

collector area is the sarrfe size as^tihef interior floor area, -or 1,100 square feet? 

... j i ---—^- . <». • • '". 

"" -/ J ■ j . " ■ 

The house has been 100% solar heated and naturally cooled since it was 
occupied in 1973. The Roof PohdSysteJm was able to keep indoor temperatures 
between 66° and 74° F all year. In winter, when outdoor temperatures 
fluctuated between 32° and 68°F, the house remained between 68° and'"72°r; ; - 
The indoor temperature 5 feet frorji the floor varied less than 4°F daily. ' 

; / . * '., • 

Also, because .the heat exchange area in the building is so large, and, because""." 
botlr heating and cooling are py-edominaTitly radiant, comfort conditions were 
found to be mor^e superior during both seasons than the conventional forced- 
air system found in many homes. 
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Fig, 111-12*, Heating, and coding tempefatiire profiles, Skytherm 
'" ; » System, Atascadero, California,, f 



I Source: R. P| Stromberg and S: O. Wobdall, Passive Solar Buildings: A 
Compilation of. £>ata and R&sults. " " - 
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Isolated Gain ■■v" 

» . ■■ . 

A third approach to passive solar heating is the concept of Isolated Gain. 

In principle, solar collection and thermal storage are isolated from the living 
spaces. This relationship allows the system to function independently of the - 
building, with he°at drawn from the system only when needed. 

The most common application of this concept is the natural cpnvective loop. , 

The major components of this system include a flat plate collector and freat 



59 



The Passive Solar Energy Book * 11 

, . - , S ' ; . - 

storage tank. Two types of heat transfer and storage mediums are used: water," 
and air with rock storage. ,As the water or air in a collector is heated by isun- 
light, it rises and enters the fop of the storage tank, while simaltanecjusly ' 
pulling cooler water or air frortnthe bottom of the tank into the collector. 
-This natural convection current'continues as long as the sun is shining. I ' 

'\ ■ ■ ' I • 

Perhaps the simplest, use of the convective loop is the thermosiph'o'ningi h6t 
water heater. Although there are many vacations of this system/ most] are 
characterized by a flat plate collector connected to a well-insulated water jank 
by insulation-wrapped piping. The tank is always located above the collector 
to induce a convective flow of fluid, - ' t 
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The earliest example using art Air Loop Rock Storage System is the Piul Davis 
.house in Corrales, New Mexico. Air heated in a 320-square-footcolrector rises 
to the top of a rock bin located directly beneath the front porch of the house. 
As warm air comes in contact with the' rocks, it cools and falls to the ^ottorn of 
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the bin where it is returned to the collector by a duct. At night, warm air is 
supplied convectively to the house from the top of the bin while cooler air 

is° being drawn from the house to the bottom of the bin. . 

- '- _ •■' \/- " - :: 2 i .. • '■ .. ; ■.. - 

The convefctive loop is essentially a Flat Plate Collector System. The methods 
used to design and size these systems are similar to those, used for .active 
-systems-lhe canvectiue-loop will not be discussed further since' it is outside 
the scope of this book. 



Advantages aftd Disadvantages 
of Passive Solar Systems 



Many claims have* betfn made tor the advantages of passive solar heating 
systems. These claims can be separated into three categories: economic, 
architectural and comfort/health. It is important to realize that the extent to 
which any of these claims is realized depends on the.extent-to which the actual 
desig n is su cce ssful in achieving Us goals. . _ j 



Of great interest to thos e involved in passive systems is the possibility that the 4 
system not only affords large savings of energy far heating, biit that it also can 
be included at little or no additional cost itv the original design and construe- 
lion, of a building. Since , the price of materials varies greatly from place to 



place, it is not possible to generaTize aboufcthis claim. In some situations, such 
as a masonry building, it is possible to include" a Direct Gain System at no 
extra cost. In other casbs; wh" em mason r y replaces wood frame co n st r uctio n , 
the.extra cost may be considerable. The significant economic advantages of*a 
' systernfean only be evaluated in- terms of a particular installation. 

Perhaps the greatest advantage 6ra"p^s^e*tysiern is the simpj fe tt yno fits ^e sign, 
operat i on a nd m ai ntenance . A passive sy s tem ; can usua l ly be installed, operated 
and maintained by people with a limited technical background. These systems 
. are built with common construction materials and usually have a long life, low 
• operating-temperature, ! no fans,;pumps', compressors, pipes or ducts and few 
moving pa rts. Since there is no mechahical equipment, thete is little or no 
noise associated with passive systems. In addition, rfiost systems are completely 
— mvrsiblejfrom the-frrterior of the building; the r e are ho rad i a tors',, convectojs 
.or grills td^eal- with. ' %. . . 

■ ■ si-. ' "■ • ' ■ • 
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The question of comfort 'depends" primarily orr the maintenance of a thermal 
environment in which .the body |an lose heat at a rate equal to its production 

jvithout the need to-sweat On the one hand or £hiver on the other. The average 
adult at rest must continually work to maintain circulation", respiration and 

"otriig^r Jbod-fty functions. The energy needed to" 1 carry out-tbese functions' is 
approximately 80 Btu's per hour. Since the human body is essentially a heat 
engine with a thermal efficiency of about 20%, it must dissipate 400 Btu's per 
hour oiwaste heat tofts surroundings. ■ ' 



The body dissipates this heat by three mechanisms: evaporation, convection 
and radiation. For standard conditions, an adult at rest with light clothing in 
74°JF air temperature and 50% relative' humidity has an* evaporation of 
perspiration frofn the skin of approximately 25% of the total body heat loss or, 
100 Btu/hr. The loss of heat by convection to the surrounding air constitutes 
another 25% or 100 Btu/hr, The remaining 50% or 200 Btu/hr is by radiation 
to surrounding objects (walls, floor and furniture). 



From these figures it is possible tOvestablish a relationship between the average 
temperature of all tHe surrounding\surfaces or mean radiant temperature (mrt) 
-a-nd-s p-acc a i r t e mp e ratur e . A 1— F-^hangfi-m-ro Tt' i s assumed to' have a ,40% 



greater effect on body heat loss than a one degree change in air temperature. 
Or 1 , for the same feeling of comfort (70°F), for each 1°F increase in' mrt the 
space air temperature can be reduced 1.4° F. Table 111-2 gives the values of mrt 
and the corresponding air. temperature needed to produce a feeling of 70°F. 
Notice that a mrt of 75°F and air temperature of 63°F will produce the same 
feeling of comfort as a 70°F mrt and 70°F air temperature, 

^'r ■ . . ■ ' \ ■■ \ 



* 



Table IIJ-2 Equivalent Mean Radiant and Air Temperatures 
1 f\y? fir a Feeling of 70°F 



1 Mean radiant " " 
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Since psychological as well as physiological factors play an important role in 
the feeling of comfort, opinion as .well as "sensation" must be considered. 

■ ■ .-r.t -, ' ■■ ■ . . ... 
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Passive Solar Systems 

This makes it difficu-lt to state conclusively, in terms of hard facts, that certain 
interior conditions are more comfortable than others. . 

Within their domfort range, most people will accept the statement that the 
lower the airtemperature in a space, the greater the sensation of comfort and 

health. Many people feel cooler air is more invigorating, fresher and less, stufly, 
and that their ability to work , and think increases" in a space where they are 
warm but,the air temperature is lower than 70°F' t 

As has been previously noted, the inside air temperature for comfort in a 
passively heated space is usually somewhat lower, and frequently substantially 
lower, than in a space heated by conventional (convective) means. 

Another relatively intangible advantage of passive solar heating is the main- 
taining of a warmer floor. In cold climates, convection-type heating systems 
can lead to unusually large floor-to-ceiling temperature gradients, with low 
. floor temperatures causing thermal discomfort. -In a passively heated space, 
however, the. surface temperature of the floor is usually found to be higher 

; Xhan~a similar floor in a space with a convecfive heating system,, .-regard less 

of whether the system, is a direct gain, thermal storage wall or roof pond. 

By contrast, the ; major problem associated with passive systems is one of 

control. Since each system has a large heat storage capacity which is an integral 
part of the building's structure,, its ability to respond quickly to changes is 
greatly impeded. Also, storing heat requires a change in the temperature of a 
material, and sinte storage materials are an integral part of the living' space, 
the space wijl also fluctuate in temperature. Excessive space temperature 
fluctuations can lead to unsatisfactory comfort conditions if .the system is not 
properly designed. • 

Fortunately, however, there-are relatively simple solutions to these problems. 
For residential applications, temperature control includes operable .windows, 
shading devices and a back-up heating systetn. In large-scale applications, 8 the 
-solution to control lies in choosing a back-up system that can respond effec- 
tively to the users' comfort requirements. There€vill always be fluctuations of 
indoor temperature but these „can be minimized by properly sizing and 
locating thermal mass in a space. 
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IV . 

Design Patterns 

Using the Patterns s 



All acts of building,, no matter how large or small, are based on rules of thumb. 

Architects, contractors-, mechanical engineers and~o'wner-builders design and 
build buildings based on the rules of thu<mb they have developed through 
years of their own or.other people's experiences. For example, a rule^of thumb 
to determine the depth of 2-inch root joists is given as half the span of the 
joists- (feet) in inches; in other worcls,- to span a 20-foot space one would need 
roughly 2-by-T0-*inch joists. Calculations are used to verify and modify these 
rules Of thumb after the building has been designed. . 

We call these rules of thumb "patterns." Each pattern tells us how to perform 
and combine specific a'qts of building. We perceive these patterns in our mind. ' 
They are the accumulation of our experiences about the design and construc- 
tion of buildings. The quality of a building, whether it works well or not, will 
depend largely upon t'he^atterns we use to create it. ' 

To be useful in a design process, rules of thumb must be specific, yet not 
overly, restrictive. For example\if you are required to know the heat loss of a 
space b r efore applying a rule of thumb to size south-facing glass areas, then the 
rule of thumb is too specificf%nci little use since a building has not yet been 
defined. If, on the other hand, the rule of thumb recommends an approximate 
size of glass- needed for each square foot of building floor a\rea, then the glass 
^c^rr4De-iricorpQfated.jnto the building's design. After completing a preliminary 
design, space ^eat losses can be calculated and. the glazing areas adjusted 
accordingly. * 1 
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, This c hapt er contains twenty-seven patterns for the application of passive solar 
energy systems to building design. The . patterns are ordered in a rough > 
sequence, from large-scale concerns— BUILDING LOCATION(1), BUILDING 
§HAPE AND ORIENTATION^)— to smaller ones— MOVABLE INSULATION 
(23), REFLECTORS (24);? from applications with the most influence on a build- 
""'tng'S' design to ones which deal with specific; details of the heating system. 
When used in this sequence, the patterns form a step-by-step process for the 

; "design of a passive solar heated building. Each pattern contains a rule of 
thumB, based ;on all the available information at this' time for that particular 

— aijtect of the building's design. . ', 

Each pattern is connected to other patterns which relate, to it. Every pattern 
""i§'.ifldepen(Jerit, r yet it needs other patterns to help make it more complete. 
Large-scale patterns set the context for the ones that follow, and each succeed- 
ing pattern helps; refine the one that came before it. For example, a window 
will be more effective as a solar qnergy collector if the pattern, MOVABLE 
..' INSULATION(23), which recommends using insulating shutters over windows 
at night, is used with the pattern, SOLAR. WINDQWSOK ^ s. •'. 

, C Each pattern has the same format. First, most patterns begin vyith a photograph 
' or a visual Representation of the pattern./ Second, there- Is an introductory' 
paragraph which relates the pattern to the larger patterns that set the context 
for it. Then there is a 'Statement of the problem. After the problem statement 
is the recommendation— the solution to the problem— which gives a specific 
rule of thumb wjiich can be applied to the building's design. Also included in 
most recommendations is a diagram describing the rule of thumb. Then, the 
.%£ pajtte.rn is cross-referenced to. the smaller patterns that relate to it and help 
ma'ke'it more completj. And' finally; -there-is the> information, which contains 
all the available data about the pattern and evidence for its validity. 

. . . ■ , " •_ • - 

f Together the patterns term a coherent picture of a step-by-step process for 

the design of a passive solar heated building. Each pattern is written in such 

a ;-wa^ that the headlines (bi5fdtype) summarize, and describe the essence of 

the pattern. To understand the whole des ign p rocess, first- read only the head- 

llpes (prabtejpri statement and recommendation) of all .the patterns in the 

s^quehce p resfeh ted in this chapter. Once the whole process is understood, it 

iieaSY to gqj backhand read the information in each pattern when a, more 

etailed explanation is needed. - 

: l t ■ ' • . >::V ' \ ' ■ " ' 

The patterns can also.be used to analyze or critique existing buildings or pro- 
posed designs. It is possible|to look at a building .pattern by pattern and, see 




9. Solar Windows 




Heading— description of the 
content of the pattern 



Photograph — actual implemen- 
tation of the pattern; 



Related Larger Scale Patterns — 

patterns which help set the 
content for this pattern 

Problem Statement-— describes 
the essence of the problem 

The Recommendation-^-a rule 
<?f thumb that gives the phys- 
ical relationships n-ecessary* fb' 
solve the problem 



Illustration — a visual represen- 
tation of the rule of thumb 

Related Smaller Scale Patterns 

— patterns which embellish 
this" 'pattern, help implement it 
and fill-in the details 

The Information— provides all 
the available ipfforrrtation about 
the pattern, evidence for its 
validity and the range of differ- 
ent ways the , pattern can be 
applied to a building - 

Fig. IV-1 : Structure of a pattern. 
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The Recommendation 
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The Information 
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which patterns are -present aVid which are missing. In this way changes of 
repairs riecessary to improve tr^e building can be readily seen. 

■ ,-/ ' . ■ ,: ;v . , \ ■ . ■ ■<■ . ' ' • 

1 Hovyever, not all of the patterns apply to each project. For example, the 
pattern, CHOOSING THE SYSTEM(7), gjvjes' criteria ;o help you select the most 
appropriate passive system for your project. After making this choice, patterns 
which define other passive systems are not relevant. Also, a pattern may nor 
apply to your specific situation, lip- this case, it is ..important to understand \\k 
spirit of the pattern and - modify it)y so that ibmakes sense for you. . 

Select the patterns most useful to your project, more or TessTn the sequence 
presented here. The following Use of patterns is divided into three major 
groups, first are the design patterns which give the building its overall shape 
and fix its position on the site according to the sun, wind-and trees: 



1. BUILDING LOCATION 

2. .BUILDING SHAPE AND ORIENTATION 

3. NORTH SIDE 

4. LOCATION OF INDOOR. SPACES 

5. PROTECTED ENTRANCE 

6. WINDOW LOCATION 



Second are patterns which provide cri-teria for; the selection of a passive system 
and give specific details, fbYits design : 

7. CHo6si.NG THE SYSTEM 
8.. APPROPRIATE MATERIALS 

Direct Gain Systems ^ 

-,f- 9. SplAR WINDOWS ' * 

10. CLERESTORIES AND SKYLIGHTS 

11, MASONRY HEAT STORAGE 
- 12. INTERIOR WATER WALL • 



Thermal Storage Wall Systems. 

13. SIZING THE WALL 

14. WALL DETAILS ? . ' 



X 
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/ Attached Greenhouse Systems 

15. SIZING .THE GREENHOUSE 

16. GREENHOUSE CONNECTION 



Roof Fond Systems - » 

17. SIZING '^THE ROOF POND 

18. ROOF POND DETAILS . 

Greenhouse ( 

19. SOUTH-FACING GREENHOUSE ' ' 

20. GREENHOUSE DETAILS 

\ " 

f! 21. COMBINING^ YSTEMS ■ K 

' 22. CLOUDY DAY\TORAGE , • , 

■ ■ • J N|; . , ■ 

And thiccl are the patterns with specific instructions to make the building more 
efficient as a passive system: 



23. MOVABLE INSULATION 

• 24. REFLECTORS ' ° f 

25. SHADING, DEVICES 

26. INSULATION 4 ON THE OUTSIDE' 

2*7. SUMMER' COOLING - . 

f 4 

Remember that these patterns are evolving and will change over time. Each 
pattern represents a current recommendation of how to solve a particular 
problem. As new information becomes available, the solutions to these prob- 
lems may changeslightly,°As new problems are defined, new patterns will be 
generated apd^added to the process. All the patterns may evolve over time as 
'new e>pe1iments, experiences and observations become available. 

i 4 ; ■ 

This means that the patterns should not be talien too literally. Since feseatth, 
into passive .systems is relatively ne w, there is a need. tof question and refine 
the patterns oyer a period of time. There may be some instances wKereyou 
have information which is more accurate or, relevant to yqur particular situ- 
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atiora. You can .see then that the patterns are meant to be flexible. They are 
.presented in s.uch 4 way that if you want to add new information to a pattern, 
or change a pattern, you can do s.o without losing the essence of it. '' 



Fmatfyr^^r^EatkrH must realize that the extent to Which anV or all of the 
(patterns are realized in practice depends in large measure on the extent to 
Which the designer succeeds in understanding and,: applying the patterns. 




r- 
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1. Building Location 



The amount of care taken -in placing a building on a site with respect to open 
space and sun is perhaps the single mos.t important decision you will make 
about jhe building. . " 

T 

Buildings blocked from exposure to the low winter sun between the hours of 
; 9:00 a.m. and 3:00 p.m. cannot make direct use of the sun's energy for heating. 

During the winter months, approximately 90% of the sun's energy output 
occurs between the hours of 9:00 a.m. and 3:00 p.m. sun time (sec chap. 
5 for an explanation of sun timeJ. For example, in New York City (40 NL) on 
a square foot of south-facing surface on a clear day in (he month of December, 
1,610 Btu's out of a daily total, of 1,724' Btu's (or 93% of the total) are inter-- 
ceptecl between the hours of 9:00 a.m. and 3:00 p.m. Between the hours of 
9:30 a.m. and 2:30 p.m. 1,272 Btu's (or 74% 'of the total) are intercepted: 
Any surrounding elements, such as buildings or tall trees, that block the sun 
during these times will severely limit the? use of solar energy as a heating 
source. .. 

t • ■ 

The Recommendation 

To take advantage of the sun in climates where heating is needed during the 
winter, find the areas on the site that receive the most sun during the hours 
of maximum solar radiation — 9:00 a.m. to 3:00 p.m. (sun time). Placing the 
building in the northern portion of this sunny area will (1) insure that the, out- 
door areas and gardens placed to the south will have adequate winder sun and 
(2) help minimize the possibility of shading the building in the future by 
off-site developments..^ * ; 
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WINTER SUN 



Fig. IV-1a 



3fj 



When deciding on the exact location for the building within a sunny area, 
give the building a rough shape — BUILDING SHAPE AND ORIENTATiON(2j— 
and place the entrance of the building so that receives the g/eatest protec- 
x^tion from the cold winter winds — PROTECTED ENTRANCE^). . ' 



The Informatioji 



To take advantage of the wintoj- sun, first the sunny places on t^e'site need to 
be located. To do this, explore the site and determine which places have an 
open vieyv to the south with minimum blockage of'the low winter sun. The 
sup chart (chap, 5) is fery useful in visualizing site obstructions that! block 
direct Ain from reaching any point on the site. Remember To use the correct 
sun chart for your latitude. 

If the skyline to the south is low with no obstructions such as tall trees, build- 
ings or abruptly rising hjlls, then the following procedure. is unnecessary as all 
points on the site will receive sun during the winter. If there are obstructions, 
then the skyline should be accurately plotted on the sun chart to determinerthe 
extent of solar blockage, (See "Plotting the Skyline", in chap. 5.) v T 
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,/ig- IV-1b: Using the sun chart tovisualize solar obstructions. 

For small \jrban sites 'surrounded by large obstructions; it'may not be feasible 
to plot the skyline since the skyline change! drastically when seen from differ- 
ent points on the site only a few fee'taway^from each other. In this situation a 
simple three-rdimensional modef uf tfreigjS§' and its surroundings should be 
built. This model, when used in cdn-j unction with a sundial, will help *ydu 
determine the besl building locations w(th exposure to the winter sun. 

When deciding orf the exa-qt location of the building, you must' also choose 
the place fo,nthe outdoor spaces next to the building. Christopher Alexander, in 
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his book' TCTatiein Langudge: foivn.s„ Buildings. Construction, makes this 
observation about the use ot open s p ace . 



People use open spare if it is sunny, and c/on'r use /f //' /f /sn'f, /n all 
but desert climates ' 

4 

The recently built Bank ot Americ a building in San I r'ancasco . a gii^it 

building built bv a major architect has its plaza on the north, side 

At lunchtime, the plaza is empty, and people eat their sandwiches in 
the street, on the south side where the sumi'v ' 




Photcf IV-1b: South-lacing outdoor* 



'Author's ft.il ics 
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A survey 'of a residential block In Berkeley/ California, confirms this 
problem dramatically. Along Webster Street— an east-west street — 18 
of 20 persons interviewed ^said £hey used only the sqnny parts of 
their yards. Half . of th.ese people living on the north side of the 
street— these people did not use their backyards at all* but would 
sit in the froht yard, beside the sidewalk, to be in the south sun. 

Note that this pattern was developed in the San Francisco Bay Area. 
Of couj^e, its significance varies as latitude and»climate chartge. In 
Eugene, Oregon, for example, with a rather rainy climate, at about 
44° iatitude, the pattern is even more essential: the south faces of 
the buildings are the most valuable outdoor spaces on synny days. \ 

It is evident that the south faces of buildings are not only important for the 
collection of sql$r radiation, but are, also the most valuable outdoor spaces 
on sunny days. • • ' • 1 




A » 




, ■ . , ■ • ... 

^— ; .ii ' . —t- 

*Author's italics.- 




Photq IV-2a [ 




2. Building Shape and Orientation 



'With aft" idea for the location of the building oh The site — BUILDING LOCA- 
flON(1), it is necessary to define the rough shape of the building, with con- 
sideration for admitting sunlight irftp'the building,, befqre laying out interior 
spaces. 



Buildings shaped. Without regard for the sun's impact require large amounts of 
energy Jo '.heat and-cool; Approximately 20% of the energy, consumed i*n the. 
United States is used for the space heating and cooling 6f buildings. ffV spite 
of worldwide dwindling energy resources, many buildings today are^til 
shaped without regard for the sun's impact on, and potential contribution to> 
space heating and cooling. • , t '> • ' 

' h ■ \ ' 't | 

The Recommendation ! v 



When deciding on the rough shape -of' a/bujlding, it is necessary to think about 
admitting sunlight into! the building.,A building elongated along the east-west 
axis will expose.; more surface area to, the south during tfte winter for the 
collection of solar radiation. This is. also the most efficient sh^rje, in all climates' 
for MINIMIZING heating ^requirements in the winter and cooling in the 



summer, 
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' . Afte£%ivinf tfftfpuilding a rough^ shape, locate .the spaces'-'with 8 maximum 
heatirtg and lighting requirements along the south face of the building and the 
,. buffer areas: (storage, garage 'and .utility room)..along the north face— LOCA- 
. TION OF INDOOR SPACES(4). }\ ' / 



Tfte Information x ' 

. The optimum shape of a buiidipg is one which loses a°minimum amount of 
heat jn'the winter and gains a minimum athount of heatun ^summer. Victor 
Olgyay i in his book Design wit Climate, has investigated the effect of thermaf 
. impacts (sun and air temperature) on building shapes for different climates in 
\ the United States.from these investfgations he drew, v the' following con- 
clusions: v - . ' ■ 

" ■ %, The square house is not the optimum form ip. any location. 

': 2. All shapes elongated on the north-south-axis work both in wkitej- and 
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summer with less efficiency * than the square one. ■ ' 

"3. The 'optimum shape ties in every rase fatK din-rates t) in a -form 
elongated somewhere along the east-west direction. 

By looking at the radiation impacts on the sides of a building, at different 
latitudes, both in winter and summer, Olgyay's conclusions become r.eadi ly 
apparent. 

A building elongated along the east-west axis'exposes the longer south side of 
the burlding to niaximum heat gain durir/g the winter months, while exposing 
the shprter east and west sieves to maximum -heat gain in the summer, when 
the sun is' not wanted, fn all northern latitudes (32° to 56 c ), the south side 
of the 'building receives nearly 3 times as much solar Radiation in the. winter 




Phofo IV-2b: Housing units attached along the east-west axis. 



*Author's italics. ' 
tAuthar's addition. 




2. Building Shape and Orientation 



than the east and west sides of the building. During the summer the situation is 
reversed and the south, side receives much less radiation' in 'Comparison to the 
roof and east and west sid.es of the building. Both in summer and winder the 
north side of the building receives . very little ladiation. Besides being- an 
efficient shape, the large southern exposure is.icleal tor the; collection sot solar 
radiation. Major collecting areas (glaring) of the ' building orient eel to the-' 
south will intercept the maximum amount of solar radiation' available, during' 
tHe winter months. ' - = - 



At all latitudes, although buildings elongated along the east-west axis are the 
most efficient, the amount of elongation depends upon the climate. Some 
general principles can be stated for different climates. In cool ''Minneapolis) 
ancj hot-dry (Phoemix) climates a compact building form, exposing a miniraum 




Photfs IV-2c: Winter sunlight penetration 
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of surface area to a' harsh environment is desirable. In temperate (New York 
'City) climates there is more freedom of building shape without severe penalty 
■"(excessive heat gain or loss). In hot-humid climates (Miami), building sho did 
be freely ejohgated in the east-west direction. In this climate because of in- 
tense summer solar radiation on the east and west/sicjes; buildings shaped along 
the north-south axis pay a severe penalty in energy consumption (for cooling). 
In all climates, attached uni'ts'(s'&ch as row houses) with .east and west common 
walls are most efficient since only the end units are exposed on the east or 
west face. ^ < .-. 

Assuming that a building elongated a-long the east-west axis incompatible with 
o;ther site and design considerations, to give the building a rough form we need 
Mo determine the width of the building. When the primary source of sunlight 
entering a. space is throirgh south-facing windows, then the depth of spaces 
along the south wall of the building should not exceed 2 V2 times the height 
of the windows from the floor. This, assures that sunlight will penetrate the 
entire spac«. 

■ r 

Also, this rule of thumb provides fo.r. the adequate daylighting of interior 
■ spSces. According to- studies done by the Illuminating Engineering Society, the 
depth of 'a space for adequate natural illumination should be limited to 
:he range of 2 to 2V2 times the window height (from the floor to the top of the 
A/indow). For an average window height of 7 feet, this means a maVimum 
space depth of 14 to 18«,feet, For Thermal Storage Wall and Attached Green- 
house*|Systems, room depth is limited to 15 to 20 feet. This is considerdd the 
maxinium distance for effective heating from a radrant wall. ^ 



If the major spaces of the building are, placed along the' south wait '(for°sup- ' 
light requirements) and the buffer spaces placed along the north wall, then the 
maximuni deprji o'f the building will be roughly 25 to'- 30 feet. Spaces which 
need to be deeper or. do not want large south-facing windows with direct su,^, 
shining directly through the space can let the^sun'in through south-facing 
clerestory windows' or skylights. 'Admitting the major portion of sunlight into 
•a space through the roof has the advantage of allowing flexibility in distributing 
t|ght and heat .to different parts of a space-^ClERESTORIES AND SKYLIGHTS 
(|0). This allows for the maximum flexibility in locating thermal mass within a 
■spate — -MASONRY HEAT'STORAGE(II), INTERIOR WATER WALL(12). 
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J. North Side * 

^ " 



Even, though a building is located in the northern portion of a sunny site — 
BUfLDING LOCATION (1) — the adjoining outdoor spaces to the north need 
sunlight to make them alive. When giving th>e building a rough shape—, 
BUILDING SHAPE AND ORIENTATION(2) — it is necessary to consider the 
building's impact on the Outdoor spaces to the north. 5 f * 




The north side of a building is the coldest, darkest and usually the least used 
side because it receives no direct sunlight all winter. From September 20 to 
March 20.(6 months) the north wall of a building and its adjoining outdoor 
spaces are in continual shade. During these months the sun is low 'in the 
southern sky, rising along the horizon in the southeast and setting in the south- 
west Any ice, snow or water on the north side of the* building will remain 
there foT-lerrrg-'periods of ti me, m a ki ng, the area unusable. With\£he prevailing- 
winter wi"nds from the north and/or west, in the United- States, the north side 
of a*buildine is even less desirable as an outdoor place. - : v' 



TKeltecommendation 

Shape the building so that its north side slopes toward the ground. When 
possible build into the side of a south-facing slope and/or berrn earth against 
the north face of a building to minimize the amourft of exposed north wall. 
. As the height of the north wait is reduced, the shallow cast by the building 
in winter i& shortened. Use a light-colored wall (or nearby structure) to the 
nqrth of the building to reflect sunlight into north-facing rooms and outdoor 
spaces. * ' . . 



3. North Side . 




Locate^ spaces in the building that have small lighting and heating require- 
ments to the north. These spaces act as a buffer between the living spaces and 
the cold north face of the building— LOCATION OF INDOOR. SPACES(4). * \ 



The- Information 

vSpac.es in continual shade for most of the winter are wasted'because people 
f do not use them. " s ( 

,},. There ate ways, though, to make these places alive and useful. For example, 
siting a building into a south-facing slope or berming earth against the north 
wall reduces or/eliminates the shadow cast by the building. Besides providing 
sunlight' to the north side, covering a north wall withfearth reduces heat loss 
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Fig. lV-3b: A ^uifclTng with a high north 'wall casts a long shadow 
ovei; adjoining outdoor spaces for most of the winter. 



through the wail in winteV and prevents heat gain in summer, since ground 
temperatures are higher in winter and lower in summer than the outdoor air. 
Burying the north walhalso ^protects the building from the prevailing' winter 
winds which usually come from the north and/or west in the continental _ 
United States. ' 

When beriming or building into the earth is not feasible, a building can be 
shaped so that enough sunlight is* available to north-facing outdoor spaces. . 
By sloping the north roof of the building to the ground, at an angle roughly 
equal to the altitude of the sun at noon during the winter months,- the shadow 
cast by the building will be minimal. If the shadow is small, the outdoor space 
beyond it will have enough sun all year for a garden, greenhocrse, patio and 
walkway. To protect these outdoor areas in winter, plant a dense row of 
evergreen trees and shrubs or locate* a solid obstruction (wall) to block the 
prevailing winter winds. . 
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Photo lV-3b: North shadow. 
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.Fig. IV-3c: terming or sloping the north roof reduces the shadow to the north. % 
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4. Location of 





-« - — . 



i A building placed in th$ northern pprtion of a sunny area will receive direct 
strhli,ght during the winter months. After giving the building a rough shape— 
BUILDING SHAPE AND ORIENTATION (2) — thejnterior spaces need to be 
placed with'in tbis shape" according to their /requirements for sunlight. ' 




A space iEaTiloes ndt"4>> , ectly -utilize sunlight for heating during the winter 
months will use proportionally more conventional energy than one that does. 

Approximately 58% of the energy consumed by the«average American house-" 
hold eacB year' is {or'space heating. The more direct sunlight used to heat a 
space, the less conventional energy is required .for space heating. This also 
applies to active solar-heating systems. Tf the design of a space does hot directly 
take advantage of the winter sun to supply some of its heating requirements, 
an active solars-heating system will be proportionally that much -larger and more 
expensive. .— — — - ' ' " . ' , ' 



The Recommendation 



Interior spaces can be supplied with much of their heating and lighting require- 
ments by placing them along the south face of the building, thus capturing the 
sun.'s energy during different times of the.day. Place rooms to the southeast, 
south and southwest, according to their requirements fey sunlight. Those spaces 
having minimal heating and lighting requirements such as corridors, closets, 
laundry rooms and garages, when placed along thenorth face of the building, 
wilhserve as a buffer between the heated spaces and the colder north* face. 
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4. Location of Indoor Spaces 




Locate- openings to admit sunlight and provide for ventilation— WINDOW 
LOCATION^)— while at the same time choosing ibe-most appropriate heating, 
system for each, space — CHOOSING THE SYSTEM(7). If a greenhouse is 
integrated into the building— S1ZJNG THE GREENttOU5E(15)— place-it along , 
the south face of the building for maximum exposure to the, winter sun. 

& . i ■ 

The I nf o r mation ' . .' « — — ' .■ . ^ 

Duringjbe winter/ the microclimatic conditions alongjthe sides of a building 
(outs'rde-walls) are'the key to the location of indoor s'pacfes. The north side of 
a building remains the coolest during the winter because' it receives no direct 
sunlight. The east and west sides of a building receive equal amounts of direct 
sunlight for half-a-day since the sun's path across ,the sky is symmetrical along 



the southern axis. Btrt over/the period of a' day, tbe west side will, be slightly 
warmer thaV jhe <kst side because «of the combination of solar radiation! and 
higher afternoon temperatures. The south side of a building will be\the 
warmest and sun n iek during the winter because it ^eeeives -sunlight throt^h - 
out the day. dbmmon sensje tells us to place spaces with specific "heating ^nd 
lighting requirements along the side of the burfding which has microclimatic 
conditions that can easily satisfy those requirements. • 

The south side of a builcHng is a good location for spaces that are cont/nu4//y 
occupied during the day. ThesfTspaees usually, have largL-heating&hd lightjng 
requirements. Since the south -face pf a building receives nearfy ;3 times las 
much sunlight in the'wirrter as the^eatf and west sides, spaces placed alcjng 
the south' face can make' direct use of lhe sun's energy to fill these requiire- 
• ments. Also, the extent" to which a cer|inually used space is felt as bright, 
sunny arid cheerful will depend upon th# amount of direct sunlight it receives. 

Arrajnge these spaces to the^ south, southeast and southwest according to your 
owrt specidx.requirem^n^sjfor sunlight. 'For example, in a residence, orienta 
breakfast ar>a to-the southeast for good morning sunlight, a cp.mmon arjS- 
(living. room) which is used throughout the day to^he south, and a workshop 
that is used only late in the day to the southwest. Placing the frequently, 
inhabited spaces 4o tbe south means the building will be elongated along the 
iast-west axis. Spaces needjng sunlight that are not located along the south 
; ace of a building, can receive direct sunlight through south-facing^ CLERE- 
v> STORIES AND; SKYLIGHTS(IO). 




< \ 
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5. Protected Entrance 





Photo IV-5a 



5. Protected Entrance " 

The location and design ctf the entrance nTUst be developed while simul- 
taneously locating indoor spaces— LOCATION -OF INpOOR SPACES(4). This 
pattern describes the thermal criteria fc$Jocating.the / entrance and. provides 
information for its design. . T ° , 

• *~ 

..\ • ■ ■ . 

In. winter, a great quantity of cold outdoor air enters a building through cracks 
around the entrance door and frame as^vell as each time the door is opened. 

All edges around entrances leak air. Through these cracks warm indoor air is 
exchanged with cold outdoor air. -When an entrance door is/opened, a large 
quantity of outdoor air enters the adjoiqing space. In' a small residence this 
infiltration of cold air coupled w.ith the^conduction loss through the door 
can" account for as much as 1.0% pf the building's total heat loss.* For small 
commercial buildings, such as shops and offices, the heat loss through entrance 
doors will be higher due. to increased traffic into anchout of the building. 

The Recommendation 

■ - y 

Make the main entrance to the building a small enclosed space "(vestibule, 
iqyer) that* provides a dduble entry or a.ir lock between the building and 
e*terior?-This will -prevent a large quantity df warmed (or cooled) air from 
leaving the building each time a door is opened, since dnly the air within the^ 
enclosed space can escape. The infirkatioj) of cold air that normally occurs 
around exterior doors will be virtually eliminated because the entry creates a 
still-air space between the interior and exterior doors. Orient the entrance 
away from the prevailing winter winds or provide a windbreak to reduce the 
wind's velocity against the. entrance. Make use of the ; entry space for the 
storage of unheated items, as a place to remove winter clothing of- for activities 
that require little space heating. 



*Heat loss is calculated for a^standard IVi-inch solid wood door without weather stripping or a 
storm door. ■ * 
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5. Protected' Entrance 
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If the entry is large and supports other activities, provide a way to passively 
heat the space in winter— CHOOSING THE SYSTEM (7). • // 
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Photo IV-5b: A transition space for shoppers. 



, n 5. Protected -Entrance 

The Information 

<; :,? •» • - ' « ... •' * ' - * 

'v.'*' . •* . ■- 

Providing an air lockTor double entry will decrease the heat loss due to botj* 
infiltration and conduction. A 'double entry, has two doors, one that opens £> 
the exterior and- one" to the Interior of the.'building, trapping it stitt-air space 
between them. Since theHnterior entrance to the=building face.s a still-air space, 
infiltration is' minimized. Also, when the exterior door is opened, oralytfie ■ 
small quantity* of unheated air. jn the 'entpy te ^thar^ged Jw1to\^ltf^lHaq^ 
air, thus, the spaces near entrance doors are protected from becoming cojd 
and drafty each time a person enters the, building. During the summer, the 
double entry works in reverse, keeping "cooled indoor air from being replaced ' 
by hot outdoor air. A double entry or entry space, when properly designed 7 
can serve other functions besides the reduction of heat loss. ]t can also be a 
place-te4eave frequently used items, and a protected -place to wait for trans- 
portation.\yhen arriving and leaving a building, people need a transition space 
to accommodate a number.of* activities, such as removing arid storing outer 
garments. 



Protecting the building's entrance from winter winds and sealing^edges around 
the* door frame as tightly as possible will minimize heat transfer. Jhe rate of 
infiltration of cold ai-r through an entrance increases, as the velocity of the 
wind against the entrance increases. In the N6rthern Hemisphere the prevail- 
ing winter winds ara^suaUyi^em the north and/or w«st (check with the U.S. 
Weather Bureau in y<^ are^lor the direction of the prevailing winter winds). 
Ehtrances/placedj^^ff^^^f^rtd'soutb sides of a building will be protected 
from the wihd's^p'a^^fT^tranc.e is placed on the north or west, side of 
.the building, careful siting of a windbreak (dense evergreen planting or solid 
fence), recessing the entrance into the building or the -addition of Aving walls 
will reduce the wind's velocity and impact. 

' ■ ■ ' - ^ 

Weather stripping, when properly^ applied, prevents air leakage by making a 
weathertight seal between 'the exterior door and- door frame. Caulking shoujd 
be applied around the door frame and the wall to prevent air leakage through 
these joints. By providing an effective seal around the edges of the door and 
frame, infiltration at the entry can be reduced by as much as 50%. 

"... - .q- ■ : - " 
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6. Window Location 



With the sun shining directly onto the.building during the winter, months— 
BUILDING LOCATION (1) — and the major occupied spaces located to the 
south to admit direct. sunlight— LOCATION OF INDOOR SPACES(4)— this 
.pattern, jtells wh ere and how to locate window openings. 




One of the largest single factors affecting' building energy consumption is the 
location and size 6f windows. Windows placed without consideration for the 
amount of sunlightithey admit will usually be an energy drain on the building. 

The heat lost through a window in winter is very large when compared to the 
heat lost through a well-insulated wall. For example, a square foot of standard 
wood frame wall with 3V2 inches of insulation will lose approximately 2 Btu's 
each hour when the! temperature outsicle is 30° F and is 68° F inside. A square 
foot of single pand glass, with the same outside temperature, 6 will lose 
approximately 43 Btu's each hour or over 20 times as much heat as the wall. 
The heat lost through the window is basically the same regardless of which 
d i recti Qn it faces., It is important, then, KSp'ace windows so that -their heat 
gain (from sunlight) is greater than their heat loss during the winter. During 
the summer, windows need to be shaded from direct- sunlight so'that tieat 
"gains are kept to' a minifnum. V 



the Recommendation 



Locate major window openings to the southeast, south and southwest accord- 
ing to the internal requirements of each space. On the east, west and especially 
the north side of the building, keep window areas "small and use double glass. 
When possible, recess windows to reduce heat loss. 
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moderate glass area 



small glass area 



1P»J 
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mdderate glass area 




Fig. lV-6a 



major glass area 



Direct sunlight can also be admitted into a space through south-facing 
CLERESTORIES AND SKYLIGHTS(IO). Protect the' major gtess areas from the .,, 
^cold winter winds and use MOVABLE INSULATJON(23) over large glass areas 
at. night to prevent the -heat, gairxed during the day from escaping ai rtight. 
Locate trees and vegetation and apply SHADING DEVICES{25) lb' windows to 
keep out the summer surf; Deierrrwne which windows will be operable to 
provide adequate ventilation for SUMMER COOLING(27). 



V 



The Information • * 

The best orientation fdr 'the majbr glass areas of a building is one which 
receives the .maximum amount- of solar radiation (heat- gain) in the winter and 
the minimum amount in the summer. According to BUILDING SHAPE: AND 
ORIENTATION(2), the south side of a building receives nearly 3 times jmore. 
<solar radiation in winter than any other side. During the summer the situation 
is reversed and the south side receives'much less radiation in comparison to 
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6. Window Location 



the roof and east and west sides of the building. There are two reasons for this. 
First, there are more .hours of sunshine striking the south face of a building in 
winter than in sum/ner, even though summer days are Ipnger and have more 
' hours of daylight frefer to fig. IV-2b). And second, since the sun is lower in 
the sky 'during the venter, the sun's rays striking the south face of the building 
are clbser to perpendicular , than in the summer when the sun is higher in the 
sky. Because of this, .a square foot of vertical south-facing surface will receive 
a greater amount' pf'solar radiation during the same hour in winter than in 
• su m me r . As -the sun ' s r ays striking the surface— of a window are- clo ser to 
perpendicular in winter, the percenfage'xif s'olar radiation transmitted through 
the window js greater than in summer. These seasonal characteristics, of south 
glazing insure a degree of automatic control for solar collection. 



(600 



400 



...208l 



"■■ [ ■■" 
















~ -*- - 


» 1 : 




: t — 

1 


- — 
> 










1 — 
















■ I' 








i 
I 

\ t' 

\ 

1 


' - ■" 















































- .A 






















/- — 














'• 

...5 „ 








/ 


» 








m 






- y— 

/' 
















x - 

V 
. 'n 


....... \ 






■jji* — — -— — 

. _ V 


s' 




















•,..✓' 






































s. 






j 
































ff> 








L 







South 



Horizontal 



- tast * Wont 



D6c 



Feb 



Mar 



Apt 



May 



July 



Aug ** S«pl 



Oct 



Dec 



Fig. IV-^: Comparison of window orientations. * 

Note: fh\s graph represents clear-day solar- radiation values, on the 
surfaces indicated; for 40°NL. { 
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The optimum window orientation for solar gaj-n is due sotfyh. However, varia- 
tions to the east or west of south, up to 30°', will reduce performance only 
slightly. Larger variations, though, will reduce window performance sub- 
stantially. • 

In most climates, the heat gained from sunlight during the winter through 
south-facing glass will exceed the heat loss. For example, on an average 
January day in Albuquerque,. New Mexico (35 °NL), a square foot of south- 
facing window (single glass) receiveTT,883 Btu's, of which about 85% or 1,622 
Btu's a retransmitted through the glass. The heat lost through the same square 
foot of window for that day is 749 Btu's. When the heat loss is subtracted from 
the heat gain, there is a net gain of 873 Btu's for the day. For the entire month 
of January the net gain will be (873 Btu's x 31 days) 27,063 Btu's/sq ft. By cal- 
culating the heat gained for gfch month of the heating season (months when 
heating is needed), the. total net gain for each square foot of south-facing 
glass is 192,328 Btu's. This is the equivalent of 102 cubic feet of propane, 246 
cubic feet of natural gas, 24 pounds of. coal or 1.9 gallons of heating oil. Figure 
IV-23C graphs, by city, the heat gain or loss during the heating season for a 
square, foot of south-facing window (both single and double glass). 

Openings should be carefully placed according to the light and heating 
^requirements of each space. For example, a sleeping areft may require some 
southeast or east openings to admit early morning" sunlight and heat into the 
space. It is important to note that east- and west-facing single or double pane 
windows either come out even or lose heat during the winter in most climates. 
Since there is no direct sunlight in winter on ^the north side of a building, 
north-facing windows are a continuous heat drain. ' 

The solar radiation calculator in chapter 5 is a quick graphic methods, for 
determining the amount of hourly or daily radiation intercepted by a surface 
facing in different directions. Of course the location and size of Windows will 
be influenced by other considerations as well", such as views, privacy and 
natural lighting. < , 
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7. Choosing the System 



After indoor spaces are roughly arranged— LOCATION- OF INDOOR SPACES 
(4) — rthe heating system for each space must be determined before proceeding 
farther with the design of the building. Since a passive system is an integral 
part of the building, it must be. included at the beginning of the design process. 




Which is the best passive system to use? The question of which system to use 
is one of the most loaded questions that can be asked about passive solar 
heating. Whenever the question arises/ it generates a hejted'discussjon and 
much* disagreement. To prove a point, people will defend thek .system to the 
last Btu. Which is the best system to use? When properly analyzed, each space 
or building will require, a particular system best spited to its thermal needs. 

. ..... _ ^ ..^ ^ 

The Recommendation 

Each system has specific design limitations and opportunities. Choose a par- 
ticular system that satisfies most of the design requirements you generate 
for each space. Remember jhat different systems can be used for different 
spaces, or systemf can be combined to heat one space. Consult the rest of this 
pattern for an assessment of each system. a ■ 




Recommended sizing procedures fpr each system are given in SOLAR 
WJNDOWS(9), SIZING THE WALL(13), SIZING THE GREENHOUSE05) and 
SlZINy^THE ROOF POND(17). When desirable, a combination of systems can 
be used to heat a space— COMBINING SYSTEMS(21). ; . 
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7. Choosing the System 



the Information 



With"' a. rotigh plan for each space, 'select the most appropriate system(s) for t 
your building. To help make the best possible choice, each system is assessed - 
according to the following design "considerations: builciir.g form, glaring, 
construction materials,' thermal" control; efficiency and the system's feasi- * 
bility as a retrofit to an existing building.: All 'the systems assessed will perform 
well in a wide variety of climate-s, although ■ slight modification? should he ( 
mad^ to optimize efficiency. , _ 



Direct Gain 

Design Element 



Assessment 



Building Form 



The' building is usually :elonga:te4 in the east-west direc^ 
tion, with spaces needing Jieat focated along the south 
wall. However, a different building shape is possible .if 
spaces ai=e, stacked or staggered, or. direct sunlight is 
admitted into the building through clerestories and sky- 

jigh^.- • ' ; \ . - , 

- CLERESTORIES . 





Fig. IV-7a * ^ 
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Glazing 



4 



The major glass areas of each space must be oriented 
to '-the south for maximum solar heat gain in winter. 
Natural ly, - these windows can serve other functions as 



well, such as openings for light and views. It is essentiaf, 
though, that the windows be carefully designed to elimi- 
nate the problem of glare often associated with Direct 
Gain Systems. As we shall see,- a Direct Gain System- 
utilizes the least amount of south-facing glass to heat .aV 
space. 



Construction 
Materials and 
Added Mass 



Each space must have thermal mass lor the storage of 
solar heat. TjiisWrrr plies a heavy building- with interior* 
. walls and,iloors constructed of masonry materials. How- 1 
ever, the masonry can be as thm as 4 inches. If an interidr 
water. wall is used for "heat stprage, then lightweight con- 
struction twdbd frame) can be used. *" 



Thermal Control 




Direct Gain Systems are characterized by dai|y indoor 
temperature fluctuations, which may range from 10° to 
30° F, depending upon the location and size of solar 
windowsj/thermal* mass and the color of interior sur- 
faces. The. heating system cannot be turned on or off 

.since there is little- control of natural heat flows in the 
space: To prevent overheating/ shading devices are used 

-to reduce, sqlar gain, or excess heat is vented by opening 
Windows or activating an exhaust* fan. However, when a 
conventional forced-air heating system is added to a 
space, uniform interior temperatures can be maintained. 



Efficiency *' When properly designed, a Direct Gain System is roughly 

30 to 75°/o efficient in winter. This means that most of the 
sunlight transmitted through the glass is used for space 
heating. . , 

' . ■ , . — — — — * . . ■>--.. 

♦Efficiency is defined as the percentage of the solar energy incident on the face of the collector 
tglazmgy that is used for space heating. When the glazing area normally used in a space doubles 
as the collector area, then the system's efficiency will be high, approximately 75%. However, 
if the collector area is additional to the amount of glazing that would normaWy t>e us^d iti a 
space, then the system's efficiency will be lower, on the order.of 30 to- 60%. • 
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Retrofitting 



Retrofitting an existing building with a DirecfGain, System 
is very diffrcufy .since... the building is the system. Only 
when a* space is constructed with masonry Syva^ls and 
Jlop'rs exposed on the' Interior, and has a clear souther^ 
exposure, is it possible to add solar windows and modify 
interior surface finishes to solar heat the space. 



Conclusion 



This system demands a skillful and total integration of all, 
the architectural elements within each space— -windows, 
walls, floor, roof and interior surface finishes;. Tn gene^l, 
the -way in which the interior mass is heated by-solar 
radiation will determine \he efficiency arMMeyel of 
thermal comfort provided by the system. Since there are 
no heating units, ducts or registers, the system is corrw 
pletely invisible. A direct gain building can usually be- 
built for the same cost as a conventional masonry build- 
ing. In comparison-, adding thermal mass to a wood frame 
building will raise construction costs. 



Thermal Storage Walt 



Design Element 



Assessment 



Building Fprm 



The depth of a space is limited to approximately 15 to 20^ 
feet since this is considered the maximum distance- for^ 
effective radiant heating from a solar \wall, ! -The require- ' 
ment of a southern exposure dictates a -Jinear arrange- 




Fig.-IV'-7b: Staggering spaces 
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ment of Sprees along the south wall of the building 
unless modified by stacking and/or staggering spaces. 
However, staggering spaces along the length' of the south 
wall results in "some solar blockage during 6 part of the day. 



Glazing 



The predominant architectural expression of the building 
is south-facing glass. The .glass functions as a collecting 
surface only, and admits no natural light into a space. 
However, windows can be included in the wall to admit 
natural light, direct heat and also permit a view. 



Construction 
Materials and 
Added Mass 



Thermal Control 



Efficiency 



Either water or mason ry^an be used for a thermal mass, 
wall. Double glazing in front of the wall is necessary, 
unless insulating shutters are applied over the glazing at 
night. Since the thermal mass is-CQncentrated along one 
wall, there is no limit to the chojfce.pf. construction, ma- 
terials and interior finishes in the remainder qf the spade. 

f b ■ ■ - ; 

Indoor temperature fluctuations are controlled -by walJ 
thickness. The heat output of a masonry wall can be 
regulated „ by the addition of thermocirculation verjts 
wfth operable dampers or by rriovable insulating panels 
or drapes placed over the inside face of the wall. . < 

r - 

The overall efficiency of this system is comparable to 
most active solar systems, approximately 30 to 45%.. For 
the same area of wall and heat storage capacity, a water 
wall wiirbe slightly more efficient than a masonry wall. 



.Retrofitting 



This system is easily added to the south wall of a space 
, with a clear southern exposure. - 



Conclusion 



The systerri allows for a wide choree of^construction ma- 
terials, (exclusive of the thermal waf^L arid interior fin- 
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ishes, and offers a high degree of control ove'r the indoor 
thermal environment. Obviously, the large expanse of 
south-facing glass requires careful integration into the 
building's design. °" '* . 



Attached Greenhouse 

Design Element Assessment 



Building Form 



The greenhouse must extend along the south face of the 
building adjoining the spaces to be heated. This, usually 
means a greenhouse elongated in the east-west direction. 
It is important to cover a large surface area of south 
wall for the rpost efficient transmission of heat-to adjacent 
spaces. 



Glazing 



Construction 
Materialsand 
Added Mass 



'Jo heat one square foot of building floor area [excluding 
the greenhouse), approximately Vh times as^rrfuch green- 
house glass area is needed as is required in a Thermal 
Storage Wall System. The area of glass#ah be somewhat 
reduced-if an-Setive heat 'storage system is used. In this 
case, dayti'rne hieat is actively taken 'from the greenhouse 
and,, stored for use in the ibuilding^at night. 

■ ■ *■ 

-.The major 'construction material in the greenhouse is 
double glass or transparent plastic. The common wall 
between the greenhouse and building should be con- 
structed with thermal mass (masonry or water), unless ac- 
tive heat storage is employed. The remainder of the 
building can be constructed of any material. 



Thermal Control 



The temperature of the greenhouse «fen be a effectively 
controlled within a predictable range by ; properly sizing" 
the collector area (glazing) and -thermal nfassv Tempera- 
ture control In adjoining spaces is the .Same as for a 
. Thermal Storage Wall System. 
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Efficiency 



When properly designed, the greenhouse will heat itself 
and supply heat to adjoining spaces. All the sunlight ad- 
mitted into the greenhouse is used for heating. The over- 
all effidiency of the system is approximately 60 to 7$% 
during the winter months. The percentage of ''heat 
supplied to adjoining spaces is roughly 10 to 30% of the 
energy incident on. the collector face. However, this 
percentage can be increased if an active heat storage 
system is employed. 



Retrofitting 



This system is easily added to the south wall of an existing 
building which has-a clear southern exposure. 



Conclusion 



The attached greenhouse is Unique in that 'it not only 
produces fresh food but has the potential to heat itself 
and spaces adjoining it. |t lends itself easily to both new 
arfd existing construction and usually pays for itself in 
1 to 3 years by a reduction in heating and food bills. . 



Roof Pond 

Design Element 



Assessment 



Building Form- 



Since the roof is the collector, this system is ttfost suit- 
able for heating one-story buildings^.oj. the upper fToor of 
a two- or three-story structure. The roof area containing 
the ponds can be flat, stepped up to the north jk pitched. 
Although' the system is somewhat restrictive as to building 
height, it does not-dictate a building shape or orientation 
and allows complete freedom with regard to the arrange- 
ment of indoor spaces. In addjtion, the roof pond is, 
invisible from the'street level. V < 



Glazing 



\ When used primarily for heatings the glazed surface area 
of the pond shduld be unobstructed by shadow between 
the hours of ,10:00 a^m. and 2:00 p.m. in winter. For 
summer cooling, the pond should be exposed, to a$ 
much of the night „skydome as" possible." 



7. Choosing the System 




PITCHED 



Fig. IV-7c: Roof ponds. 




NORTH 



Construction 
Materials and 
Added Mass 



Thermal Control 



Roof ponds are generally between 6 and i2 inches in 
depth. Therefore, the building's structure must support 
the 32 to 65 Ibs/sq ft dead load the pond system will add 
to the roof. A structural metal deck, which also acts as a 
finished ceiling "and', radiating surface, is the most com- 
monly used support for the ponds thernselves. Sirrce^the 
entire system is located on the roof>4he remainder of the 
building can^ be constructed of any material. Using 
masonry interior walls and/or floors .will help moderate 
indooF<tempera.ture fluctuations and;' reduce the recom- 
mended depth of the ppnd. 



Roof pond heating and cooling is characterized by stable 
indoor temperatures and high levels of comfort due to 
the large area of radiative surface (usually the entire 
ceiling). Daily fluctuations of space temperature range 
from only 5° to 8°F in a masonry building, and 9° to. 14°F 
in a building construc^cf of all lightweight materials 
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(such _.as wood frame). An advantage of this system 
accrues, from the iact that interior partitions can be 
rearranged without alteriag ; the heating or pooling system.- 

Roo"f ponds which are daGble-g4azed (usually with an 

inflated plastic air cell) range in efficiency "from 30 to 

45%. It should bfe noted that the "effectiveness of the seal 

madei by the movable insulation will have an impact on 

the efficiency of the system. ' 

» . • 

. Roof ponds are most efficient when they are integral to 
the architecture. The requirements of a large $rea of 
radiating surface plus structural and modular consider- 
ations make it difficult to apply to existingstructures. 

Solar roof ponds are an, inexpensive and effective metjjjod 
of providing both heating at lower latitudes (i.e., 36°NL 
or lower) and codling in dry climates with clear night- 
skies.- Furthermore, there are several modifications which 
can be made to the system rto7make~ it applicable to a 
variety of climates. For example, spraying or flooding -the 
outside surface of the enclosed ponds to provide add i- 
wonal coolingjby evaporation (up to 4 times the amount 
provided by nightsky radiation) can exterld the system's 
cooling capability to humid regions^Or, placing the 
poqds under a pitched -roof, with the south slope glazed, 
can adapt the roof pond to northern latitudes where • 
horizon ta[j:oHectors would otherwise be inefficient. / 



8. Appropriate Materials 



:,:„ 



/The materials used in- constructing a building will influence the choice of a 
passive solar system^CHOOSING THE SYSTEM.(7). This pattern explains the- 
range of good materials available. 



More energy is consumed in the construction of. a building than will be used 
irvmany years "of operation. Building materials and equipment require con- 
siderable quantities of energy. during their manufacture, transportation to the 1 
construction site -and 'assembly. Robert A. Kegel, in an article concerning energy 
and building materials ("The Energy#n tensity o-f Building Materials," Heating/ 
Piping/Air Conditioning, June 1975, pp. .37-41), analyzed the energy consump- 
tion of a conventional educational facility (432,000 "sq ft) in .Chicago. He 
looked at the building from the standpoint of building construction, materials, 
equipment and operation. His results, indicated that the building could operate 
for over 6 years before exceeding the energy it took to construct it. These 
..' results did 'not include the energy expended in .mining and transporting 
materials to the mill or factory. Conventional housing reflects-similar patterns 
of energy use. t „ . . ' 

The Recommendation . ~ T" 

.jln building construction, use mostly biodegradable and low energy-consuming 
materials which are^ locally produced. For thermal mass and bulk materials 
use adobe, soil-cement, brick, stone, concrete, and water in containers; for 
finish materials use , v wood, plywood, particle .board and gypsum board. Use 
the following materials only in small quantities or when they have been 
recycled: steel panels ajnd containers, rolled steel sections, aluminum and 
■s plastics. 




Distribute and size bulk materials so they work effectively for heat^torage. 
For Direct Gain'; Systems see MASONRY H£AT STORAGE(1ll and INTERIOR 
WATER WALL(T2) ; for Thermal Storage Wall Systems see WALb-DETAILS(14.); 
for Attached Greenhouse Systems see GREENHOUSE CON"NECTION(16); for 
Roof Pond Systems see ROOT POND DETA1LS(18); and for a freestanding 
greenhouse see GREENHOUSE, DETAILS(20). 

■' ' ' : ' ;: ' ' •'" ' 

, The Information 

'The primary intention behind modern construction practices is to use tech- 
nology to keep, the costs of construction as how as possible: 

»> ■■ - - . • ' ■ .■ .. 

To make buijdings less expensive to construct, we have been willing to use non- 
renewable resources, such as energy expended in the production and trans- 
portation of manufactured building materials, rather than pay the cost of labor. 
This-trade-off does not result in ecologically sound building practices since the 
result is ^buildings that are constructed and run at the expense of our future 
ability to adequately maintain our resources. 

There aremany building Attitudes ranging from a total ecological consciousness 
to the continuation of what is easiest in. today's construction nparket. Fortu- , 
nately, the requifememSfor thermal mass in a passively heated building *is 
compatible with the notion of ecological consciousness. As .indicated in 
previous patterns, mass materials include adobe, stabilized earth, stone, 
brick, tile, cdncrete, and water in containers^Jt can be seen from the folio wing, 
table that these materials require relatively little energy to produce,* when 
compared to energy-intensive materials s*uch as aluminum and. high-grade 
steel alloys. ; " 

In some cases mass materials will be as muctraTWT^ 

of the materials Used in a passively heated building. With some consideration- 
given to energy consciousness in choosing secondary and finish materials, I 
a "passive solar heated building will, by its nature, be energy conservative. 

Because some of our forests have been terribly mismanaged, some devastated- 
by clear.-cutting, wood a s "a bul'k or primary* material is to be avoided. As" a 
-s^onda^.rrna^Yi4>''- : 'however / wood is excellent. Other good finish and 
secondary materials include plywood, particle board, gypsum board,- plaster, - 
p,aper, capvas" and vinyl. The use of energy-intensive materials is appropriate 
vy N hen applied in moderation or wh^n the materials are recycled. 



8. Appropriate Materials^ 



Item 



Table IV-8a Materials and €nwgy Use 

Source To Produce 



Bt'u/lb 



Btu per unit 



1 Steel (rolled) " ' ;_\ 
Aluminum \ • . 
Copper 
Concrete 
Ce/nent 4 
Sand arid gravel . 
Lead * 

.Concrete block ■ * 

Silicone* rrtetal and High- 
grade steel alloys 
Glass \ 

Titanium (rolled) 

u ;Pla$tics 

/Drywall " v ; ' ' * 
Insulation (board}, •■ 
Paint 

Lumber t , • 

'Paper : 3 .' 

Roofing 
«>Vinyl tile 

- Brick v , . 

-.10%' soil-cement block-, 



(D 
HV 
11) 



Try 

(U 

(D 

(2) 

(1) 
(1) 
(1) 
(D 
(2) 
(2) 
(2) 
(D 

CD 

(2) 
(2) 
(3) 
(3) 



19,974' 
112,67^ 
34,144 
.413 
3,755 
'30 
20,486 



99,018 
11,438 

23.9,010 
,4,097 

; 2,160 

, 4,134 



10,072 



8,d00 
138 
34 



15,200 pe^r block 



2,040 -per sq ft 

5,019 per board ft 

6,945 per sq ft 

682 per block 
170 per block 



v * SOURCES: (IpA. B. MakKijani and A, J. Lichtenberg, "Energy and Weil-Being," p. 14. 
V' \ Robert A. Kegel, 'ahe EneFgy-4r^tefwity-of-Build(ng Materials," p. 39. 

.^ ^ ll( j | tiW TvtacKl t top, "Luw E n e f gy H o u si n g; * pi 8 : — : ~ ~ — " 



-Wrjen selecting building materials, be awate of .what is locally produced. |y 
supporting people in the local labor market/we not only save transportation 
costs fmoney arid energy) bujt maintain the life of industries which are 
compatible with our Ijfe^'tyle arid welfare. — -= — 
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9. Solar Windows 




Photo l^-9a 
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9. Solar Windows 



After choosing to use a Direct Gain System— CHOOSING THE SYSTEM(7)— 
and with a rough' idea for the' location of major south-facing glass areas— 
WINDOW LOCATIONS) and CLERESTORIES AND SKYLIGHTS(IO)-— this ^ 
pattern defines the area of soLtfh-faging glazing needed to solar heat each/ 
space, ' . ' 




Direct«Gaiii Systems are currently characterized by large amounts of south- 
facing glass. Most of our present information about Direct Gain System^' 
been learned through the performance of various existing projects which 
utilize large south-facing glass areas for winter solar gain. These buildings are 
often thought of as overheating on .sunny - winter days. This happens because 
solar' windows are frequently oversized due to the lack of any accurate 
methods for predicting a system's performance. These drawbacks have led to a 
-vej-y Jliruted appfrcWon Tof^ Dtr^^Gaki^ysLems in building design and 
construction. ' ~ - . 



The Recommendation 

In cold climates (average winter temperatures 20° to 30°F), provide between 
0.19 and 0.38 square feet of south-facing glass for each one square foot of„ 
space floor area. In temperate climates (average .winter temperatures 35° to 
45° F), provide 0.11 to 0.25 square feet of south-facing glass for each one square 
Joqt of spac*e~floor area. This amount of glazing will admit enough sunlight to 
tkeep the space at an average temperature of 65° to 70°F during much of the 
«winter. - ° ■ , # 

" a -■ t . 
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< GLAS3 AREA 



FLOOfi APfeA 



GLASS AREA 
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FLOOR AREA 



Fig. l\-Qa . 




To prevent daytime overheating and large space temperature fluctuations, 
store a portion of the heat gained during the daytime for use at night by 
locating a thermal mass within each space— MASONRY HEAT STORAGEtTT) 
and INTERIOR WATER WALL(12). Use MOVABLE INSULATION(23) over the 
solar windows at night to reduce heat Iqss and protect the windows from the 
hot summer sun by applying SHADING DEVICES(25). The area o„f window 
needed to heat a space can be substantially reduced by using exterior 
REFLECTORS(24). A" Direct Gain System with undersized solar windows can 
b0' combined with other passive systems to achieve the same recommended 
performance— COMBINING SYSTEMS(21). 
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9. Solar Windows 



The Information 

In a Direct Cain System the most important factor in collecting the sun's 
energy ts the size and placement of window openings. A window, skylight or 
clerestory that faces south and opens directly into a space is a very efficient 
solar collector— WINDOW LOCATIONS). Light entering the space is unlikely 
to be reflected back out regardless of the color or shape of the space. This 
means that virtually all the sunlight is absorbed by the waifs, floor, ceiling and • 
other objects in the space and is converted into heat. Openings that are 
designed primary to admit solar energy into a space are referred to as "solar 
windows. " You can orient a solar window as much as 25° to the east or west 
of tru-e south and still intercept over 90% of the "solar radiation incident on a 
south-facing surface. . " • 

The size of a solar_window determines the. average temperature in a space, 
over the day. During a typical sunny' winter day, if a space becomes uncom- 
fortably hot from too much sunlight; then the solar windows are either over- 
sized or there is not enough thermal mass distributed 'within the space to" 
properly absorb the incoming radiation. As a space becomes too warm, heated 
air is vented by opening windows or activating an exhaust fan to maintain 
comfort. This reduces the system's ejficiency since valuable heat is allowed 
to escape. For this reason, our criterion for a well-designed spate is that it gain 
enough solar energy, on An average sunny day- in December or January, to 
maintain an average space temperature of 70°f for that 24-hour period. 

By establishing this criterion we are able to develop ratios for the preliminary 
sizing of solar windows, skylights and clerestories. Table IV-9a lists ratios for 
different climates that apply to a well-insulated residence. 

For example, in Seattle, Washington, at 47°NL with an average January' tem- 
'perature of 38.'9*F, a well-insulated space needs approximately 0.22 square 
feet of south-facing glass for each square foot of building floor area (a 200- 
square-foot space needs 44 square feet of south-facing glass). ' 

h 

Of course/ the exact location and size of window openings depends upon 
other design considerations such as special views, natural lighting and space 
use. Because of these considerations, it may not be desirable to use the amount 
of south-facing glass recommended in this pattern. The system works with the 
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Table IV-9a Sizing Solar Windows for Different Climatic Conditions 



Average Winter 
Outdoor Temperature (°F) 
(degree-days/rribj 2 



Square Feet of Window a 
Needed for 
Each One Square Foot of Floor Area 



Cold Climates 

._ .. 15° (1,500) 

. 20° (1,350) 

' 25° (1,200) 

30° (1,050) 
Temperate Climates 

35° (900) 

40° ' (750) 

45° (600) 



0.27-0.42 iw. night j n s u la 1 1 o n ow r glass) 
0.24— 0.38 (w/night insulation over glass) 
0.21-0.33 
0.19-0.29 

0.16-0.25 

0.13-0.21 % 
0.11-0.17 



NOTES: 1. These ratios apply to a residence with a space*heat loss of 8 to 10 Btu/day-sq ftn-°F. 

If space heat loss is less, lower values can be used. These ratios can also be used for 
other building types having similar heating requirements. Adjustments should be 
made for additional heat gains from lights, people and appliances. 

2. Temperatures and degree-days 'are listed for December and January, usually the 
coldest months. , 

3. Within each range, choose a ratio according to your latitude.- For southern lati- 
■ tudes, i.e., 35°NL, use the lower window-to-floor-area ratios; for northern latitudes, 

i.e., 48°NL, use the higher ratios. " 



same 'efficiency using smaller openings than those recommended; however, 
the annual percentage of so.lar heating supplied to the space is reduced. 

Recessing" windows and using wood sash construction will further reduce 
heat loss. Single glazing with .wood frame construction transmits approximately 
10% less heat than glazing with a metal assembly. As -the glazing becomes 
more insulative (double or triple glazing), the type of framing hecomes more 
significant. A double-glazed wood frame opening will transmit 20% less than 
a metal-framed opening. Only use metal sash that has a thermal break between' 
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9. Solar Windows 





Fig. IV-9b: Splaying the wall will increase heat gain in winter. 



the inside and outside face. At the outside surface of a window, wind will 
increase the jn/iltration of cold air into a building and. wiM carry away heat 
"aft a faster rate than still air. Recessing window^ back from the face of the 
exterior wall will decrease the. movement of air against the window. However, 
when 'recessing windows, care should be taken on the south face to avoid 
excessive shading. . 
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10. Clerestories and 
Skylights 
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Photo IV-10a 



10. Clerestories and Skylights 



r < • 

SOLAR WINDOWSO) recommends the'area of south-facing glass needed to 
admit direct sunlight, to solar heat a space. This pattern describes methods, 
other than windows, for collecting the sun's energy. 




There are many situations when admitting direct sunlight through south-facing 
windows ^fSfVtot feasible or desirable., Solar blockage of the south wall by 
nearby obstructions, or spaces without a clear southern exposure, make it 
impossible to use windows for solar gain. Also, the distance from a solar 
window to a thermal storage mass is limited by the height of the window. 
A mass located too far from the window will not receive and absorb direct 
sunlight. Large solar windows, which are the primary source of direct sun- 
light in a space, may result in troublesome glare, create uncomfortably warm 
and bright conditions for people occupying the space and discolor certain 
fabrics. For these and other reasons (privacy and aesthetics) it is necessary to 
explore alternative methods for cdllecting the sun's energy in a direct gain 
building. j ■ 



The -Recommendation 



Another method for admitting sunlight into a space is through the roof. Use 
either south-facing clerestories or skylights to distribute sunlight over a space 
or to direcrit to a particular interior surface. Make the ceiling of the clerestory 
a light color and apply shading devices to both clerestories and skylights for 
summer sun control. 







10. Clerestories and Skylights 



Apply MOVABLE INSULA I ION J. Y: and REFLECTORS(24) to make clerestories 
and skylights more efficient as solar collectors. Shade all glass areas, especially 
horizontal and south-facing glass, to protect them from the hot summer sun— 
SHADING DEVICES(25)." > 

The Information 

Collecting sunlight through south-facing clerestories and skylights has several 
advantages. Sunlight' admitted through 'the root can be distributed to any part 
of a space or building. This allows for maximum freedom when locating an 
interior thermal storage mass. When properly desrgned, toplighting eliminates ; 
the problem of glare-since' light entering the space from above reduces^the - ! 
contrast between interior surfaces and windows. Because clerestories and 
skylights are located high in'a spac^e, they, reduce the charace of solar blockage, 
by c off-si te obstructions and allow for large openings in crowded building 
situations where privacy is desirable. 1 




Photo IV-^pb: Clerestory location. 
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Most .passive solar clerestory, an^f skylight configurations are derived from 
consideration for collecting suglikht and distributing it within a space. In a 
Direct Gain System, an jmportant Consideration in the selection and location * 
of a particular cpnfiguratipn is -Whether sunlight is to be diffused throughout 
a space— MASONRY HEAT STORAGE(11), or directed to a particular surface— 
INTERIOR WATER WALL(12). 

: ' •■/ • °* 

Clerestory, Sawtooth and /iskylight Configurations / 

Clerestory— A clerestory is a Vertical or near. vertical Opening projecting up 
from the roof plane. It is a particularly effective way to direct sunlight entering 
a space so that it strikes an inferior thermal storage wall. Be careful to locate 
the clerestory , at a distance , 'in front of tr^e wall- which insures that direct 
sunlight will" strike most o?the wall during the wmter. This distance will vary 
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10. Clerestories and Skylights 



Make the ceiling r of tfie clerestory either a light color to* reflect and diffuse" 
surrlight down over the space, or a polished surface to direct the sunlight to a 
thermal wall. Shade the clerestory in summer by extending its roof to provide 
an overhang — SHADING DEVICES(25). The angle, of the glass can be tilted to 
-increase solar gain in winter, but tilting the glaring also increases solar gain 
in summer, making sun control devices essential. The exterior rc?of betowa 
clerestory can be treated as a reflecting -surface for maximum solar gain — 
REFLECTORS(24). " " 
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Sawtooth — T\fe sawtooth is a sefies of clerestories, one directly behind the 
other. When glazed with a translucent glazing material, the sawtooth effec- 
tively distributes sunlight over an entire space. As a rough guide, make the ^ 
angle of each clerestory roof (as measured from horizontal} equal to, or less 
than, /the altitude of the sun at noon, on December 21, the winter solstice. 
. - (Use the sun chart in chap. 5 for your latitude to find the altitude of the 
sun.) This assures that the clerestories will not shade each other during the ■ 
« winter hours of maxim u musclar radiation. jf a steeper angle is used, then clere- 

stories should be spaced apart accordingly. 




ANGLE a = ALTITUDE OF THE SUN AT NOON ON DECEMBER 2T 
EXAMPLE: AT 36 NL ANGLE a = 30° 



v 




\ f'g' IV-10d: Sawtooth configuration design. 
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Skylight — There-are two types of skylight configurations: horizontal and those 
located on a \ilted roof. It is important when designing a horizontal skylight to 
use a reflector to increase solar gain in winter, since the .amount of solar 
■ energy incident on a horizontal surface is considerably less than that incidenl 
on a south-facing vertical Or sloping surface (see fig. IV-10c). Remember that 
all skylights of any considerable size should have either interior or exterior 
shading devk'es to prevent excessive solar gain in summer. 




Photo IV-IOd: Horizontal skylight augmented by a reflector. 
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11. Masonry Heat Storage 
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11. Masonry Heat Storage 



After sizing SOLAR WINDOWS(9), a portion of the sunlight (heat) admitted 
into each space must be stored for use during the evening hours. 




Ther storage and control of heat in a masonry building is the major problem 
confronting the designer of a Direct Gain System. In a Direct Gain System, the 
amount of solar energy admitted into a space* through windows, skylights or 
clerestories determines the average temperature in the space over the day. A- 
large portion of this energy must be- stored in the masonry walls and/or floor 
of the space for use during the evening. In the process of ^storing and 
releasing hea-t, the masonry fluctuates in temperature,' yet the object of the 
heating system is to maintain a relatively constant interior temperature. The 
location, quantity, distribution and surface color of the masonry in a space will 
determine the indoor temperature fluctuation over the .day. 

t 

The Recommendation 

To minimize indoor temperature fluctuations, construct interior walls and 
floors of masonry with a minimum of 4 inches in thickness. Diffuse direct 
sunlight over the surface area of the masonry by using a translucent glazing 
material, by placing a number of small windows so that they admit sunlight in 
patches, or by reflecting- direct sunlight off a light-colored interior surface 
first> thus'diffusing it throughout the space. Use the following guidelines for 
^selecting Jnterior surfa ce c ol ors and finishes. 

1. Choose a dark color for masonry floors. 

2. Masonry .walls can be any color. ^ 7 

3. Paint all lightweight construction (little thermal mass) a light color. 

4. Avoid direct sunlight' pn dark-colored masonry surfaces for long 
periods of time. ~ h 

5. Do not use wall-to-wall carpeting pver masonry floors. 



1 1. Masonry Heat Storage 




Slightly oversize- solar windows and thermal mass to collect and store heat for 
cloudy days— CLOUDY DAY STORAGE(22). It is essential to insulate the 
exterior face of the mass to keep stored heat inside the space — INSULATION 
ON THE OUTSIDE(26). Also, a thermal mass cooled during summer evenings 
will absorb heat and" provide cool interior surfaces on hot days— "SUMMER 
COOLING(27).. Vh-en masonry construction is not possible or desirable, an 
INTERIOR WATER WA 1 1 (1? ) r an he use d fn rh p at s torage, _ - 

, & ■• I ' ' 

'£ \ ' 
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The information 

, .Since thermal mass is integrated into the living spaces in a Direct' Gain System," 
ithe amount of energy scored in the mass (walls and floor) af "sunset determines 
•the indoor temperature fluctuation in the space over the day. In winter, 
approximately 65% of the total space heat loss occurs at night; 35% during 
the^day. If solar windows are sized to admit enough s"unlight on a clear winter 
day to heat the space.-for a 24- hour period— SOLAR WINDOWS(9)— then 
roughly 65% of this energy must be stored for use at night. When only a 
small portion of this energy is stored, th'en an abundance of heat is available 
during the day and not enough at. night. This condition results irf daytime 
overheating and low nighttime temperatures. ■ a ' 

Solar gain through so Urn -facing glass is easily calculated; however, predicting 
the amount of heat stored in the masonry or the daily temperature fluctuations 
in a space are presently beyond the capability of most building designers. In 
1976, a study of Direct Gain Systems^, performed at the University of Oregon, 
clearly illustrated the influence of each parameter on the system's performance 
(see E. Mazria, M. S. Baker, and F. C. Wessling, "Predicting tffe Performance of 
Passive Solar Heated Buildings," Proceedings of the 1977 Annual Meeting of the 
American Section of 'the International Solar Energy Society, vol. 1, sec. 2, 1977). 
It concluded that the percentage of heat stored in a thermal mass' depends on 
the location, size and distribution of the mass and its surface color. 

Location Size and Distribution of. Thermal Mass 

•Since/the '.relationship between solar windows and thermal mass (masonry 
- interior surfaces) greatly ^influences interioV/teraperature fluctuations, three 
different catse studies are 'presented in figure IV^llB^oNllust?ate system per- 
formance. Results for a concrete mass o.f different thicknesses are described 
^for each case. . \-- \ * 

For residential use where relatively stable indoor air temperatures are desired, 
Case 3 is , the most preferable building configuration.* Both Cases 1 .and 2 
would require ventilation to prevent daytime overheating. It is obvious that 
"Ventilation 1 lowers a system's performance by disposing of excess heat which 
could be utilized for space heating' during the evening hours. Case! stores 
the largest percentage of solar heat admitted into the space, 60%. By Storing 

(continued on page 140) 



*ln some building types, such as a warehouse or greenhouse, larger temperature fluctuations 
may be tolerable or even desirable. 



11. Masonry Heat Storage 



Fig. lV-l1b: Case 1 : Building configuration. 

A dark-colored concrete mass is placed against the rear 
wall or in the floor of the space in direct sunlight. The surface 
area of concrete exposed to direct Sunlight over the day is 
.IVi times the area of the glazing. This system-represents a 
~ space with a horizontal band of south-facing windows or 

clerestories coupled dkectly to a dark-colored mass which 
is insulated pn the exterior face. 



Results: 




During a clear winter day, an increase in masonry 
thickness beyond>8 inches results in little improvement 
in the system'S'performance. The graph here illustrates 
the indoor air temperatures over a 24-hour period for a 
mass thickness of 4, 8 and 16 inches. By increasing the 
mass from 4 to 8 inches, maximum air temperatures are 
relatively unchanged while minimum air temperatures are 
changed slightly; the 8-inch masonry wall increases the 
minimum room air temperature 5°F. Increasing the . 
thickness to 16 inches lias little impact on, air tempera- 
tures. For all wall thicknesses studied, space temperature 
fluctuations over the day were about 40|F. 




*.-"f?<L ; 



1 

4- r 



Fig. IV-11b: System performance for a concrete mass of different sizes. 
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Case 2: Building configuration/ 

A dark-colored concrete mass is placed against the rear 
wall. or in the floor of the space in direct sunlight. The 
surface area of concrete exposed to direct sunlight over 
tfie;day is 3 times the area of the glazing. THis system 
' represents a space with vertical windows (evenly s[ftfad) 
and/or translucent (diffusing) glazed openings with^ht- 
colored interior surfaces and a dark-colored mass. 




^ Results: 



An Fncrease in masonry thickness beyond 8 inches results 
in little, change in system performance. The graph here 
illustrates room air temperatures for a wall or floor 
thickness of 4, 8 and 16 inches. The major temperature 
difference occurs by increasing the thickness froni 4 to 8 
inchesimaxlmum roo'm- air temperature remains un- 
changed while the minimum air temperature is raised 
3°F. Beyond an 8-inch thickness, there*is very little 
•variation in room temperatures. The temperature 
fluctuation over the day is 26° F. 




Fig. IV-11b 
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Case 3: Building configuration. , • ■ 

The entire space, walls and floor, becomes trie thermal 
storage mass. The sirrfaTCe area of concrete exposed to 
direct sunlight is 9 times the areli of the glazing. This 
system represents a space^fonstructed of masonry 
materials with translucent glazed openings, or clear 
glazed oprenings^ith sunlight striking a white surface • 
first and tn^'diffusing over the entire spfece. 




Results; : , ' \ . \ * 



An increase in masonfy thfckness*beyond 4 inches results t 
in little change in system performance. After 4 inches;" 
room air temp.eratures axe very similar and the dairy space" 
temperature fluctuation is only 13°F, comfortable for 
most building interiors." If the same space were con- 
xStructed of all lightweight materials (wood frame~with a' 
1 /2-inch gypsum board/inisrf), it would fluctuate 38°F. 
'This demonstrates the'dampening effect pf thermal mass 
on temperature fluctuations. 




*" 139 



The PassivegSplaF Energy Book 



more heat at|&nset (5:00 p.m.), daytime temperatures are reduced and night- 
time temp>t4tkrre^ tncreasedT 



Table IV-11a Comparison of Systems ' i 




f ' 



Casel 



Case 2 



Case 3' 



(8 in thickness or more) (8 in thickness or more) (4 in thickness or more) 



fjkax. space air 
// temperature 

Min. space air 
temperature 



89°F 



48° F 



82 °F 

'"l 

56$f 



74°F 



6n°p 



^pace air tempera- 
ture fluctuation 

Max. masonry sur- 
face temperature 

Percentage of solar 
stored (at5:0Q ^ 
p.m.,^finset)* 

V ... :■" '.v *>&:■ / ■• 




99°F 



50% 



26°E 



J84°f, 



55% 



13°F 



60% 



NOTE: *Percgintage of solar radiation. admitted into the space.' 



) 



One further word-about masonry heat storage: When the entire interior of a 
space is constructed of masonry, then, walls , can be as thin as 3 to 4 inches' 
without indoor fluctuations becoming extreme. 

These results show that for a space to remain comfortable during the day, each 
square foot of direct sunlight must be diffused over at least 9 square feet of ma- 
sonrysurface -Masonry'can be used to store heat,4aiitpven. thick masonry cannot 
absorb ari<£store enough heat when exposed to direct sunlight thWughout the 
day. Most masonry materials transfer neat from their surface to their interior 
at a. slow rate. If too much* heat is applied, the'surface layer of the material 
becomes uncomfortably hot, giving mi/ch of the heat to the air jri the space 
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. rather than conducting it away from the surface for storage. This condition is 
clearly illustrated by Case 1. 

This analysis was extended to other latitudes,, weather conditions, glass-to- 
^NTjoor-area ratios and space heaJ losse§. Changing these parameters h,ad little 
"elffect onthe results presented for Cases 1, 2 and 3. ,*, 



Comparison of Masonry Materials 

u All three cases were analyzed for different masonry materials. These materials 
7 — mcfude concrete, (dense), brick (common), brief k (magpesium additive) and 
.adobe, w|iich have the physical properties Ksted in table*. IV-11b, 



Table IV-1 1 b Thermal Storage Material Properties 



Material 

•'•t 


Conductivity (k) 


Specific Heat (Cp) 


Density, (p) 




. Btu MW-'f/it 


Btu/lb-°F 


* lb/ft 


Concrete (dense) 


. 1.00 


0.20 ' / , 


140.0 

a 


Btick (common) 


^ - 0.42 


0.20 


120.0 ' ; 


Brick (magnesium , 
additive.) 


\ " 2.20 


■ 0:20 


120.0 '' 


Adobe 

* 


' 0.30 


0.24' 


106.0 ^ 



By using 'masc»nry of higher conductivity, air temperature 1 fluctuations in the, 
space were minimized. This is the result of a. rapid transfer of heat away from 
the surface of a material to its interior, where it is stored for use d unrig 
■$hg evening. For the same quantity of masonry, the largest temperature, 
fluctuations occurred when using adobe which has the poorest conductivity; 
arid thermal lest were witK brick, which has" magnesium as an addit+ye to 
inpease its conductivity. After extensive, computer analyses, table IV-fpfc has 
been prepared ds a guide 'to determine daily indoor air temperature fluctua- 
tions for Case 1/2 .and 3 type spaces. Fluctuations for- each case are given for 
four commonly available materials. 
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Table IV-11c Approximate Range of Indoor Temperature (°F) 
Fluctuations for Case 1, 2 and 3 Type Spaces 1 



Thickness ( 
of Material (in) • ' Material 2 







Concrete 3 
(dense) 


Brick 
(common) 


, Brick 
(magnesium, 
additive) 


/Cdobe ' 


Case 1 
Ca s e 2 
Case 3 • 


8 or more. 
8 or more 
4 or more > 


34°-46° 
24°-31 
-11° 


45/-60° 
33°-40° 
-15° 


30°-^0° 
' 20°-26 D 
-9° 

\ 


5t>°-65 c - 
36°-45° 
-17° 



NOTES: 1. If additional /nasonry is located in a space (but ncjt in direct suhlightl, temperature 
fluctuations, wilr' be slightly less than those indicated, fluctuations 'listed are for a 
winter-clear day. During periods of cloudy weather,- fluctuations will be considerably 



2. When .using a combination of materials, i.e., brick walls and concrete 'floor, inter- 
polate between the temperatures given. 

3. WfTen using hollow, - dense' concrete or. .c]ay blocks, fill the cores' with masonry 
(concrete) to-fqerease the heat storage capacity pf the material. 

4. Although adobe hasjHe poorest conductivity of the materials tested, it is the one 
material that is likely to be^sed in greatest quantity. 



Interior Surface Colors 

To diffuse ctirect sunlight over a wide interior surface area, use either trans-' 
lucent glass or plastic, or reflect direct sunlight, transmitted through clear 
glass, off a vvhite-cpldred^surface -first, scattering 'it in all directions oyer an 
entire space. Another method might be to use -several «small .windows that 
admit direct sunlight in* -patches. Masonry, swept by "patches of. sunlight; will 
not become too wwm and will store a greater portion of the-energy incident 
on its surface. The fallowing general rules can be applied to -help you select 
interior surface colors and finishes for spaces of predominantly' masonry 
construction: - . 

'1. Select masonry floors of medium-dark colors. This assures that^a 
portion of the h'eat will be absorbed and stored in the floor, low in 
the room,^here' J j't can provide for greater human comfort. 

^S. Masonry walls can fee any color. Sunlight reflected from light-colored 
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masonry walls 120 to 30% solar absorption) will -eventually b 
absorbed by other masonry surfaces in the space. o — 
c3. Make all lightweight construction, such as wood frame partitions 
(little.thermal mass)., a light color so it reflects sunlight to the masonry 
walls or floor. Sunlight striking a dark-cotored material of little thermal 
, mass quickly heats that rnaterial." Since it has little capacity to store 
' 'heat, [f gives this heat to thevspace during the daytime when it is not ° 
needed, causing the, space tooverheat.- - 

4. Avoid; direct s.unlight\on dark-colored masonry "surfaces for long 
■ periods of time since these surfaces will also become uncomfortably 

warm. 

5. Do not cover a masonry floor with wall-to-wall -carpet. Caxpet' 
insulates the heat storage, mass from the room. Scatter or area rugs, 
covering a small area of the floor, make little difference. 
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12. Interior Water Wall 




Photo IV-12a 



1 2. Interior Water Wall 



After sizing SOLAR .WINDOWS^) and CLERESTORIES AND SKYLIGHTS(IQ), 
a portion of the sunlight (heat) admitted into each space can be stored in a 
water wall for use during the" evening hours. • , 

?4 1 




The size of a water wall and its surface color determine the temperature 
fluctuation; in a spac^fcfver the day. Solar windows are sized to admit enough 
sunlight to keep a spa'erat an average temperature of 65° to 70°F during most 
of the winter. The volume* of water in the space arid surface color of the" 
container will influence the indoor temperature fluctuation above and below 
this average!' The'size of^ie water wall needed to maintain a cornfoftable 
environment is directly related to the area- of the solar wipdows. 

The Recommendation ; / 

When using an interior water wall fojr heat storage, locate it in the space so 
that«jt |£<#eiyes direct sunlight between the hours of 10:00 a.m. and 2:00 
p.m; Make the surface of the container exposed to direct sunlight a dark 
color, of at least 60% solar absorption, and use about one cubic foot (7 1 /z 
gallons) of water for each one square foot of solar window. 




Slightly oversize the solar windows and water wall to collect and store'heat for 
cloudy days— CLOUDY DAY STORAGE (22). Insulate the exterior face qf the 
wall when 'exOBsed to the outside-^lNSULATION ON THE OUTSIDE(26). 
In dry climatesV water waM cooled during the summer with cool night air will 
provide for SUMMER COOLING(27). ' °\ 
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WATER WALL 



Fig. IV-12a 



The Information 



Masonry may need .sunlight diffused over a large surface area', but water in 
containers can absorb heat effectively even when • it's concentrated by a 



reflector. There are two reasohs for this.- 
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First, water is a more efficient storage medium than masonry. A cubic 1bet-€+f- 
water will store 62.4 Btu's for each 1°F temperature rise, while the same 
volume of concrete stores only 28 Btu's for each 1°F rise in temperature, ' 

Second, a water wall heats up uniformly, using all its mass for storage, while 
masonry passes heat slowly from its surface to its interior. When a dark- 
colored masonry wall is exposed to diredt sunlight, the surface temperature 
rises rapidly while its interior remains , cool. Since masonry conducts heat 
slowly 1 , only a small portion qf the wall stores heat. It will take approximately 
5 hours for heat to pass through an 8-inch concrete wall. 

In contrast, a water wall transfers heat rapidly from the collecting surface to" 
the entire volume of water. As sunlight heats the surface of the container, 
water in contact with the inside face is heated, becomes less dense, and" rises. 
This movement of water produces a convection current which distributes the 
.heat throughout the container. By using all its mass for heat storage, the sur- 
face temperature of a water wall ri&es very slowly when compared to a masonry 
wall. 




Fig. IV-12b: Hd'a"t*transfer in a concrete and water storage mass. 
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The volume of water in direct sunlight is the major determinant of tempera- 
ture fluctuation in a space over the day. To illustrate this, an interior water 
wall was analyzed by computer for different quantities of water (wajl thick- 
ness) using January clear-day, solar radiation and weather data for New York 
City. Note that space air temperature fluctuations decrease as the volume of 
the wail increases. The space with 1 cubic foot of water for each 1 square foot 
of glass has a temperature fluctuation of 17°F, while the same, space with 
3 .cubic feet of water for 1 square foot of glass fluctuates only 12°F_ 




Fig. lV-12c: Indoor temperatures. using various water walls. 



Note: Clear-day indoor air temperatures are for a well-insulated space 
with 0.25 square feet of south-jfacing glass for each one square 
foot of building floor area, i.e., a 200-square-foot space would 

have 50 square feet of. south-facing glass. • * 
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12. Interior Water Wall 

This analysis was extended to different latitudes, weather conditions, south- 
facing-glass-to-floor-area ratios and space heaflosses. Changing these param- 
eters had little effect on space temperature fluctuations in relation to, wall 
volume (thickness), ..Table IV-12a lists the approximate air temperature fluctu- 
ations that can be expected in a space with various quantities of water and 
south-facing glass. 

When'thermal storage materials are concentrated in a small area, such as a 
water wall in a wood frame building, it is important to absorb and store as 
much direct sunlight in the mass as possible. The greater the absorption of 
sunlight, the smaller the daily temperature fluctuation . in the space. Table 
iiy-12a also illustrates winter-clear day space temperature fluctuations for a 
water wall as a function of surface color. It is estimated that if the wall is»not 
exposed to direct sunlight, rougfily 4 times the amount of Storage is needed. 



Table IV-12a Daily Space Air Temperature (°F) Fluctuations 1 for 
Water Storage Wall Systems 



Solar Absorption ' 




Volume 3 of Water Wall for Each 




(surface color) 


" 9 ' 


One Square Foot of South-Facing Glass 






1 cu ft 


1.5 cu ft 


2 cu ft 


3 cu ft 


75% (dark color) 


-.17° 


-15° 




-12° " 


90% (black) 1 

LJ , 


15° 


72° 


10° 


9° 



NOTES: 1. Temperature fluctuations are for a winter-clear day with approximately 3 square 
, feet of exposed wall area, for each one square foot of glass. If less wall area is exposed 
to the space, temperature fluctuations will be slightly higher. If additional mass is 
•' located in the space, suorV as masonry walls and/or flddr^ then fluctuations will be less 
than those listed. 

^ ■ ,2. Assurnes 75% of the sunlight entering the space strikes the mass wall. 
3. One cubic foot of water = 62.4 pounds or 7.48 gallons. 



Testing the performance 'of interior water walls using various surface colors, a ' 
research-team at the University of Oregon concluded: 

As expected the black surface performed hest. What surprised us 
though, was bow well the blue and red paijited containers per- 
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formed. Those people who prefer blue or red to black will be glad 
to know that the blue containers were only 5% less efficient, and 
red 9%, than the black.'* ' 




Photo IV-12b: Interior water wall heats adjacent spaces (here and facing page). 




♦Study performed by Ran Rands and' Ra.ndy„ Shafer at the ''^njversity of Oregon, Dept. of 
Architecture, under the direction of Assistant Professor Edward Ma^ia, 1977. 

■ M ■ 
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13. Sizingj the Wall 



After locating the" major south-facing living spaces — LOCATION OF INDOOR 
SPACES(4) — and choosing the heating system for each space— CHOOSING 
THE SYSTEM(7)— this pattern describes the .sizing proce'dure for a Thermal 
Storage Wall System. . • 




When a Thermal' Storage WaH is properly sjzed, the temperature in a Space 
twill remain comfortable throughout much of the winter without any addi- 
tional heating source. However, if a thermal wall is oversized, then more heat 
is transmitted through the wall than is needed, resulting in a space that is 
uncomfortably warm. Of course, heat will be vented from a jCyarm space to 
reduce interior temperatures. This also reduces the system's efficiency by 
disposing of valuable heat in winter. If a- wail is undersized, then there is not 
enough'heat transmitted through the'wall, and supplementary heating will be 
needed in the space, the correct size of a Thermal Storage Wall will change 
as climate, latitude and space heatih'gfi^e/quirements change. # - 

The Recommendatidi* 

In cold climates (average winfcr temperatures 20° to 30° F) use between 0.43 
and 1.0 square feet of south-facing, double-glazed, masonry thermal storage 
wall (0.31 and 0.-85 square feet for a water wall) for each one square foot of 
space floor area. In temperate climates (average winter temperatures 35° to 
45°F) use between 0.22 and 0.6 square feet of thermal wall (0.16 and 0.43 
square feet for a water wall) for each one square foot of space floor area. 




Detail the wall so it performs efficiently — WALL DETAILS(14). The area, of 
thermal wall needed to heat a space can be substantially reduced by using 




exterior_RE'FLECTORS(24) and/or MOVABLE INSULATION(23). In fact,>their use 
is strongly recommenced in cold northern climates. Remember that an under- 
sized thermal wall can be combined with other passive systems to provide 
adequate space heating— COMBINING SYSTEMS(21), 

The Information 

"~ --- • » 

The size or surface area of a thermal storage wall is dependent upon three 
factors: the local climate, latitude and space heat loss. Each factor influences- 
the size of a wall in' the following 1 way: - w 

Climate * 

The rate of heat loss from a space is, largely, determined by the difference 
between indoor and outdoor air temperatures. The larger this difference, the 
faster the rate of buijding'heat loss. Therefore, in cold climates, more heat or 
a larger thermal storage wall is needed to keep a space at ±70°F. 

Latitude, " 

Solar energy incident on a south-facing waOuring the winter changes as the 
location or latitude of the building changes. For example, at 36°NL (Tulsa, 
Oklahoma) feach square foot of thermal wall intercepts approximately 1,883 
Btu's during <a clear January day, while at 48°NL (Seattle, Washington), -the 
same wall receives only 1,53? Btu's. As a general rule, a Thermal Storage Wall 
System wil.| a increase in size the farther north a building is located! 



13. Sizing the Wall 



Space Heating Requirements 

A well -insulated and tightly sealed space requires, less heat to keep it at a 
specified temperature and, therefore, requires less wall'. 

In* 1976, a Simple analytical computer model was developed to evaluate the 
behavior o.f thermal energy flows in masonry and water Thermal Storage Wall 
Systems.* Each wall was analyzed using hourly solar "radiation and weather 
data as Input for different parameters of climate, latitude and space heating 
requirements. The advantages of this computer model are, first, the model 
can be used to predict the performance pf a passive heating system in any" 1 
location without actually constructing numerous identical systems in each 
location, and, second, the results can be obtained in seconds rather than years. 

The results of numerous computer simulations were used in developing the 
following preliminary sizing procedure for a Thermal Storage Wall System, 

Sizing the System ~ I ' 

Our criterion for a 1 well-designed thermal storage wall is that it transmit- 
enough thermal energy (heat), oh-an : average sunny day in January, to supply a 
space with all its heating needs for, that day. This means that the energy trans- 
mitted through the wall will be sufficient to maintain an average space tem- 
perature of 65° to 75°F over the 24-hour period. \. 

By establishing this criterion, we are aBle to develop ratios for the amount of 
double-glazed, south-facing thermal storage wall needed for each square foot? 
Of space floor area. Table l\M3a lists ratios for different climates that apply to 
a well-intsulated residen^e.t Notice that in very cold climates (average January 
temperatures 15° to 20°F) the area of therrnal wall needed to heat a space is 
very large. In these areas use night insulation and/or reflectors to reduce the 
size of the system. 

For example, in Albuquerque, New Mexico, at'35°NL, with an*average January 
temperature of 35.2,°F, a well-insulated space will need approximately 0.4 
square feet of double-glazed, masonry thermal storage wall for each one 

* , ... - 

j — j ' : ; «r= !— • — — 

*Mazria, Baker, and Wessllng, "Predicting the Performance of Passive Solar Heated Buildings." 

tThese "ratios apply to a residence with a space heaf'loWb'etween 7 and 9 Btu/day-sq ft.n-"F. 
(This assumes no heat loss through, the thermal wall.) The" ratios can be used for other buildinij 
types having similar heating requirements; hovyever, adjustment^ 1 should be made for addition*! 
heat gains frojn lights, people and appliantes. - y 1 



] 
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Table lV-13a Sizing a Thermal Storage.Wall 
>r Different Climatic Conditions. 



Average Winter 
Outdoor Temperature (°F) 
(degree-days/mo.] 1 



Square Feet of Wall 1 Needed fqr Each 
One Square Foot of Floor Area 



Masonry Wall 



Water Wall 



Cold Climates 
15 6 (1,500) 
20° (1,350) 

, 25° (1,200) 
30°° ^1,050). 



0.?2>>1*.0 
0.60-i.Ox 
0.51-0.93 
0.43-0.78 



0,55-1 .0 
0.45-0.85 
0.38-0.70 
0.31-0.55 



Temperate Climates 
35° '(900) 
40° '■ (750) 
45° (600) 



0.35-0.60 
0.28-0,46 
0.22-0.35 



0.25-0.43- 

0.20-0.34 

0.16-0.25 



NOTES: 1.. Temperatures and degree-days are listed or December and January, -usually the 
coldest months. 

2. Within each Vange choose a r'atici according to your latitude. For southern latitudes, 
i.eiJ,' 35°Nls, use th&lower wall-to-floor-area ratios; for northern latitudes, i.e., 48°NL, 
use t(\e higher ratios. For a poorly insulated building always use a higher value. For 
thermal walls with a horizontal specular reflector equal fo the- height-S'f the wall in 
length/use 67% of recommended ratios. For ther mal walls with night insulation (R-8), 
use 95% of recommended ratrose For thermal walls with both reflectors and night 
insulator), Use 57% of recommended r&tios. , ' ' i " 

"' '-- ' '~K i : ' ' \ ' . " ■ . . . •'• ' -T 

square foot of building floor ^rea {i.e., a 200-scjiia re-foot space 'will need 
about 80 sctuare^feet of thermal wall), If night insjulattpn were applied to the 
wall, then use^oaly 85% of the -recommended size or 8Q square feet x. 85 =68 
square feet pfthermahwall. \ 

A|Thermal Storage Wall System will perform effectively if eitheNripre or less 
than tne recommended -wall aretas is used. The exact size of the wTalkdepends 
on , many considerations such as views, natural ligbjihg, solar blockage x and 
cost.- Because of these and other considerations, it may.be desirable to use" 
different wall size than is recommended by this pattern 
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Table !V-13b Annual Percentage of Solar Heating for 16 Various Climates 



1 


Heating 




Solar 




* *> 


Degree- 




Heating'* 


Percentage of 


LOCaCIOn 


nauc 
LFayS 


Ldiiiuac 




"Solar Heating 


Los Angeles, Calif. 


1 700 

i ft 


* 


51 700 

•J ~J ff \J\J 


QQ Q 


Ft. Worth/tex. ' 


2 467 


12 8 


18 200 


80 8 


Fresno, Calif. 


' " 2 622 


• 16 8 


41 700 


81 1 


Nashville,* lenn. 


3,805 


16.1 




65 1 


Albuquerque, N. Mex.'„ 


4,253 


35.0 


* 63,600 


84.1 ■ • 


Podge City, Kans. 


5,199 


37.8 


58,900 


-71.8 


Seattle, Wash. 


' 5,204 


47.5 


42,400 


*52.2 


New York, N.Y. 


5,254 


40.6 


48,000 


60.2 


Medford, Oreg. 


5,275 


42.3' 


47,400" 


56.1 


Boulder, Colo., 


5,671 


40.0 


62,500 


70.0- 


Lincoln, Nebr. 


5,995 


40.8 


53,500 


•59/1 


Madison,'Wis. . 


7,838 


. 43.0 


44,900 


4f.6 * 


Bismarck, N. Dak. 


8,238 


46.8 


53,900 


46^4 


Ottawa, Canada r 


8,838 


45.3' ' 


37,900 '. 


31.9 


Denmark 


6,843 


56.0 


43, "100 


43,8 


Tokyo,-Japan 


3,287 


34.6° 


„ 50,300 


85.8 



... r 



NOTE: *The values in' the solar heating column are the net energy flow through the inner face 
. of the wall into the building. ^ 

SOURCE: J, D. ^alcomb, j. C. Hedstrom, and R. D. McFarland, "Passive Solar Heating Evalu- 
„ ? ated," So/ar Age, August 1977, pp. 20-23. ' 

■Jf a wall is' slightly unldersized, or oversized, the amount -of heat^ansferr'ed 
l rough each square foot of wall surface is the same. However; the size d»f the 
determines-. $>fe percentage of solar heating provided over the| year. °F'or 

was 



example, a well-insulated space with an 18-inch-thick 'concrete wall 
-analyzed for various locations, using hour-by-hour computer^simula^ions for a 
one-year period (see table IV-13b). The surface area of wall, constant for a// 
/ocaTK5n>;% 0.38 sqtiafe feet for each one square foot of building floor area, 
i.e.^buiLdihg 21 by 70 feet has an 8-by-70-foo.t thermal waTI. Accorctrng to oil* 
• recommendations, in most locations this wall is qndersized, a'ndKn some, 
slightly oversized (for example, Los Angeles). In afl locations/mjough, the 
system performs well. ° 53 /' 

f ! * 
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S?J Sill ssS 



Photo IV-14a 



14. Wall Details 



Once a rough size for a thermal storage wall is determined — SIZlNC v THE. 
WALL(13) — this pattern helps to detail the wall so the system performs 
efficiently. fssf - * 




The efficiency of a Thermal Storage Wall System is largely determined by the 
wall's thickness, material and surface color. A space will overheat it more 
energy is transmitted through a thermal wall than- is needed. This happens 
when a wall is either too large in surface area, or too thin. If a wall is too thick 
or painted the wrong color, it becomes inefficient as a heating source since 
little energy is transmitted through it. For each type of wall material there is. 
an optimum thickness. 



The Recommendation 

^Jtee4heJoJlowlng table as aguide for selecting a. wall thickness 

Material Recommended Thickness (in) 



Adobe ^ 8-12 

Brick (common) - . 10-14 
Concrete (dense) 12-18 
Water. 6 or more 



Make the outside face of the wall a dark color. In cold climates. add thermo- 
cireulation vents, of roughly equal size/at the top and. bottom of a masonry 
wall to increase the system's performance. Make the total area of each row 
of vents equal to approximately one square foot for each 100 square feet of 
wall area. Prevent reverse air flow at night by placing an operable panel 
(damper); hinged at the top, over the inside face of the upper vents. 
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Placing MOVABLE INSULATION(23) ; over the glazing at night increases the 
system's performance. If possible, Resign me movable insulation to be used 
as REFLECTORS(24) and/or SHADING DEVICES(25). Shading the wall in sum- 
mer and early fall will" prevent the space from overheating. * 

The Information 

In sizing. the systerrv the area of wall needed for each space has been estab- 
lished. The details of the wall, its thickness, surface color apd the addition of 
thermocirculation vents and temperature control devices,* determine the 
efficiency of the system and its. ability to provide thermal comfort in winter. 
Tojielp you make the best possible choice of wall details, each variable is 
discussed at length. " . 



Wall Thickness » 

The optimum, thickness of a thermal storage wall (based on annual per- 
formance) is dependent On the conductivity of the material used to construct 
the wall. The effect of conductivity for various Wall thicknesses is shown in 
• figure IV-14b. The graph represents annual system performance for Los 
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Fig. IV-14b:" ? Yearly performance of a thermal storage wall forvarious 
thicknesses and thermal conductivities. 
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Alamos,. New Mexico, but the following results, according to our analysis, arp 
* similar fpr all locations. 

1. The optimum thickness of a maggnry will Increases as the thermal con- 
ductivity of the wall increases. A^wall ma|e of a highly conductive; material 
transfers heat rapidly from its collecting surface to its'" inside face and, there- 
fore, must be- thicker to avoid providing too much" heat at the wrong time. A 
wall. of low conductivity transfers heat slc%ly so it should be made thinner to. - . 
~ transmit enough heat into aspace. Adobe is a good illustration for the appli- 
/. cation of this, principle. Mostpeople, because of. traditional construction prac- 
tices, will make'"an adobe thermal wall very thick, say 2 feet. Adobe, however, 
compared to other" masonry materials, has a low conductivity (see table 
IV-llb). A 2-foot-thick adobe wall is roughly 40% less efficient than a 10-inch- 
thick adobe wall. 

-2. The efficiency of the wall increases as the conductivity of the wall ^increases. 
^. The greater 1 the conductivity, the more heat is transferred through the wall. 
As the cpriductivity increases, the optimurrirwall thickness increases. The 
thicken wall absorbs and 'stores more heat ft at the end of the day (sunset), for 
use at night. ' ' * 

; p. Pot masonry materials there is a range of optimum thfcknesses. For example, 
a concrete wall has roughly th*asame efficiency whethejt it is 12 or 18 inches^ 
in thickness. . • i^* ° • 

4. Th e e ff i ci e ncy of a water wall incr e ases as the thiclw e ss } of t he wall incr e ase s , 
althmigh aftor f, inrheX the mrrpflsp in performance is nor very pronounced: 



A»water wall less than 6 inches in thickness becomes too warm during the day 
(riot enough thermal mass) and will overheat a space. Not only will it overheat 
a space, it will also -Ipse heat oijt the glass face at'a faster rate. 

Table; IV-14a lists the thermal conductivity and recommended thickness for 
five cbmmonly used wa-ll materials: The choice of waif thickness, within the 
range-given for e^ach material, Will determine the temperature fluctuation ,in 
, the space over the day. ' 

• . ■•!■■. . , 

To understand trje impact of wall .tWickness on indoor air temperature fluctu- 
ations it is instructive to look at computer singulations for both south-facing, 
double-glazed concrete, and water thermal storage ,walls. For example, in 
Seattle, Washington, at,48°NL, using January t clear-day sdlar radiation and 
weather data, indoor air temperatures that would cp:ur in a well-insulafed 
space with 0.5 square feet of thermal Wall for each one square foot of building 
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floor area "(i.e., a 200-squ a re-foot space would have 100. square feet of thermal 
wall) are represented in figure "IV-14c. + 



Table IV-14a^fffect of Wall Thickness on Space Air Temperature Fluctuations 



Thermal Recommended Approximate Indoor Temperature (°F) 
Conductivity Thickness Fluctuation as a Function of Will 



Material 


(Btu/hr-ft-°F) 


(in) 






Thickness ' 






r 






4 


8 


• 12 


16 


20 


24 








- m 


in 


in 


in 


in 


in 




■ 
















Adobe 


0.30 


8-12 


t 


18° 


7° 


7° 


8° 




Brick (common) ( 


0.42 


10-14 




24° 


11° 


7° 






Concrete (dense) 


1.00 


12-18. 




28° 


16° 


10° 


6° 


5° 


Brick (magnesium 


















additive) 2 


, 2.20 


16^24 • 




35°* 


24° 


17° 


12° 


9°, 


Water 3 1 " 




'6 or more 


31° 


18 a 


13° 


11° 


10° 


9° 



NOTES: 1.. Assumes a double-glazed thermal wall. . If additional mass is located in the space, 

_____ iiicb-as-^asorrry - WaI1s and/or floors, then temperature fluctuations will be~ less than 

„those listed* Values given are for winter-clear ijjays. . * s- 



2. Magnesium is comrnooly used as an additive to brick to darken its color, 
greatly increases, the thermal conductivity of the material. 



It also 



3,i When using water in tubes, cylinders or other types of circular corttainers, use 
at /east a 9ya,-inch-diameter container or x /i cubic foot (31.2 lb or 3.74 gal) of water 
for each one square foot of glazing. " — — — ~~ " 




T 



Note that indoor temperature fluctuations over the day are nofiteably different 
for eacl\waTl thickness. *lhe space with an 8-inch concrete wall has a tempera- 
ture fluctuation of 28°^vhile the same space with a 20-inch concrete wall 
has only ai6°F fluctuatitih. A space with a 12-inch water wall (1 cu ft) fluctuates 
13°F, while the same space with an 18-inch water wall (1.5 cu ft) fluctuates 
only 103F. Our analysis showed that different [atituctes, weather conditions, 
wall-to-floor-area ratios and space heat losses. had only a slight effect on in- 
door temperature fluctuations. As a general rule the greater the wall thickness 
the' Iees4h^ indoor jeinperature fluctuations. ■ ' 



i 
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WATER THERMAL STORAGE WALL 

Fig. lV-14c: Results of a computer analysis. for concrete arid water 
thermal storage wall systems. . \ 

Note: Space heat loss is in the range of 6 to 8 Btu/day-sq ftn- e F; 
(This assumes no heat loss through the thermal wall.) 
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Photo IV-14b: Interior treatment of thermal storage walls. 
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A final point. Wall thickness can bemused to predict the time of day a space will 
reach its maximum and minimum temperatures, in general, tha^hicker the 
wall, the later the maximum space temperature. Figure 1-6 in Appendix 1 
graphs daily maximum and minimum temperatures for various wall materials 
aTid- thicknesses. 



Wall Surface Color 

! ' ' ' / ■ - ' - 

The greater the absorption of Solar energy at the outside surface of a thermal 
'wall, the greater will be the transmission of- heat through the wall to tht 
interior space. -A black-xrolored surface, with a solar absorpt4oa_of 95%,. is 
one of the most efficient absorbers. Performance, thotrgft, is only one criterion 
for the selection of wall color. Cither colors such as dark' blue (solar absorption 
85%) also work w.ell. Reduemg ( the solar absorption for both water and. 
masonry walls from 95 to 85% reduces the system's efficiency proportionally. 
The inside surface of the wait can be made any color. ' 



Thermocircu|ation Wnts (Trombfr wall) » 

On a sunny ^mter day the temperature of- the air in the space "between, the 
masonry wall and glazing is very warm (±140°F). Locating openings (vents) at 
the top a^d bottom^ of the Wall induces the natural (passive) circulation of this 
warmed :^ir into the'building. As warm air rises in .the air space, it enters .the 
room/thfough openings-at the top. of the wal] while simultaneously drawing 
cool; air from the r6om through openings in the bottom of the wall; The nat- 
ural convection of heated air continues effectively for 2 to 3 hours after sunset 
?when "ffre' Wa^U'r^w^ei^rTies too' cpql'to'lndyce a warm airflow. ' 



At night the air in the space between the wail arid glazing cbols.,As ajf cools it 
becomes heavier (dense) and settles. Thrs^cOol air enters, the spate through the 
open vents in the bottom of/ the wall while simultaneously drawing warmed 
room air through the ope^nipgsdn the top o"f the wall. Jo preve^Kfev^riJe -air- 
flow at night> attach an operable panel or dampef ovir the inside, face, of the 
upper vents (see fig. IV-14d). > 



The impact of climate on the performance of "an 18-inch^ concrete wall, with 



I ■ ■ ■ ■ • / 

and without,vents, is given in table lv-1 4b. Three walls were studied for each 
locationPy 

1. Solid wall —No thermpcirculation vents. 

2. Trombe^wall— Thermocirculation vents with airflow during the. day- 
time only. Reverse thermocirculation thabnor'mally oc- 

' ' curs at night is prohibited. * 

3. Trombe wall— Thermocirculation vents with no reverse control. Air- 
flow occurs at night. . . 



Table lV-14b Annual Results for an 18-inch Concrete Thermal Storage Wall 
c jty Annual Percentage of Solar Heating : 

B SW TW TW(A) 



Santa Maria, Calif. 


-98.0 * 


97.9 ■ . 


97.3 


Dodge City, Kans. 


69.1 


. "71.8 


62.8 


Bismarck, N. Dak. 


-41.3 


46.4 


31.1 


Boston, Mass. 


f 49.8- 


56.8 


" 44.9 


Albuquerque., N. Mex. 


84.4 


84.1 


81.1 


Fresno, Calif. ° 


82.4 


833 


78.0 


Madison, Wis. 


35.2 


41.6 - 


24.7 


Nashville, Tenn. '.-'■, 


60.7 


65.2 


54.1 


Medford, Oreg. .,' 


53.3 , 

^-3 . , 


56.1 


42.2 



NOjES: 1, Building load ='0.5 Btu/hr^F-sq ft»i ' 

2. SW: Solid wall (no vents) 

TW: Trombfe Wall (no reverse vent flow) 

TW(A): Trombe wall with vents o'pen at all times (feverse flow at night)r 




SOUI^f: J. D. Balcomb, J. C. Hedstrom, and R. D. McFarland, Passive Solar Heating of Buildings 
(Los Alamos, N. Mex.: Los Alamos Scientific Laboratory, 1977). 



In cold climates tho> additiort^of thermocirculation vents in a masonry wall 
— increases the pe*&roriance of the' wall significantly. However, in mild clima!es7 
vents are unn&essary since winter daytime temperatures are comfortable^and 
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Photo IV-14c: thermocirculation vents in a masonry wall. s 

- * 

heating is usually not needed at that time. Providing vents without reverse 
flow control reduced the efficiency of the;wall in'all locations. In most cases, 
the addition of vents with thermostatic Control results in little increase in 
* annual performance.' Vents should be equally spaced alongi>the top. and bot- 
tpm-of-the wall. — — j 

Space Temperature Control 

If a space becomes too warm, movable insulation (such as curtains, sliding 
panels)-' pfaced over the in&ide face of a thermal wall turns off the heating 
system' This is a very simple and effective way to control indoor temperatures. 
The system can be adjusted by covering all, part or none of the wall. Ventila- 
tion is another method of indoor temperature control, though somewhat less 
efficient. By opening windows or activating an exhaust fan, warm air can be 
removed from the space. 






VVTTH THERMOCIRCULATiON COtflTIOL 



Fig. IV-14d: Trombejvajl with thermocirculation vents. 
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A Masonry Wall Versus a Water Wall 

For the same size wall and heat storage capacity, a water vvajl is only slightly 
more efficient than a masonry wall. A water wall has the ability-to absorb heat- 
quickly enough to keep its surface temperature relatively cool during the 
daytime, while a masonry 'wait, which transfers heat to its interior slowly, can 
reach surface temperatures of 130°F, on sunny days. High surface temperatures 
reduce the wall's efficiency due to increased heat loss through the glass, to 
the outside. However, at night the, situation is reversed and a water wall 
maintains the higher surface temperature andjthus has a greater heat loss. 





JFig. IV-f14e: Heat transfer through a concrete and a water wall 
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While a water wall is slightly more efficient than a masonry wall, containing 
the water in an aesthetically pleasing way so that it is acceptable to a large 
consurhecJmarket is a major design consideration. To date/most applications 
of water walls .have been either stacked 55-gallon drums or freestanding metaf 
and plastic cylinders. These clearly have limited appeal. With the manufacture 
of a variety of wall containers, public acceptance and utilization of water walls 
should insrease. * , \ 
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-15. Sizing the Greenhouse 




Pholo IV-15a 




1 5. Sizing .the Greenhouse 



A building located in the northern portion of a sunny area— BUILDING 
LOCATION (1) — insures tfhat any additions or projections along its soikh 

-wall— BUILDING, SHAPE AND ORIENTATION(2)— will receive directsunlight. 

-Jhe-salar greenhouse, an efficient and economic way to produce food, will, 
supply heat to a building w,hen attached to its south side — CHOOSING THE 

-SYSTE/vl(7). This parte rn helps size the area of greenhouse glazing necessary 
for collecting enough solar energy to supply heat for both the greenhouse and 
the building. - • 




»••• 



The complicated nature of thermal energy flows between art attached green- 
house and 'a building makes it difficult to accurately size a greenhouse and to 
predict its performance as a heatingsystem. When properly sized, the attached 
greenhouse not only heats itself but heals the spaces adjacent to it. However, 
the quantMjf -pf heating provided 'depends upon many variables such as lati- 
'tude/climate, therm^J^torage mass,££)d the size and insulating properties of 
the greenhouse and spaces being heated. * 



The Recommendation 



Extend the greenhouse along the jsouth wall of the building adjoining the 
spaces you want to heat. In c)6Id climates, u!se between 0.65 and 1.5square feet 
of south-facing double glass (greenhouse) for each one square foot of (adja- 
cent) building floor area. In temperate climates, use 0.33 to 0.9 square feet of 
glass for each one square-foot of builjding floor area. This area of glazing wilh 
collect enough heat during a clear winter day to keep both the greenhouse and * 
adjoining space at an average temperature of 60° to 70°F? 
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Locate enough thermal mass in the greenhouse so that it absorbs direct sun- - 
light and dampens interior temperature fluctuations; Construct the mass wall 
between thegrefenhquse and building so that it allowsjfor the efficient transfer 
of heat between the two spaces— G'REENJ-fOUSE CONNECTION (16). " 

\ The Information 

w In most climatesVa well-constructed attached solar greenhouse collects more 
'■■energy on a ^lear winter day than it neea"s*fof heating. For example, a green- 
house' IbcatedAn New York City nee'ds about 720 Btu's of thermal, energy for 
each square foot of greenhouse gjass (double-glazed) to keep it at an average 
temperature of 65 °F. over the day* However, the daily solar gain through each 
square" foot of double ^glass/is approximately 1,420 Btu's, or^nearly twice the 
quantity of tteat needed by.ihe greenhouse. ; 

A portion of this extra energy can be conducted through the common wall 
I between the greenhpuse^and the building. 1n this way, an attached. greenhouse 
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has the— potential to supply a substantial a/nount of heat to the space(s) 
adjoining it. 

To study the tnermal relationship between a greenhouse and a building, actual 
interior and exterior conditions were modeled by computer.. From simulations/ 
Crsifig various'climatic Qondi|ions and greenhous^/building configurations, rules 
of thumb for sizing an at|ached greenhouse we're developed. Since a green- 
house is construppd^of mostly glass, the quantity of heat collected over .the 
day depends largeJy^Sh the quantity and orientation of the glass. Table IV-15a 
MstsHthVarea of south-facing greenhouse glass needed to adequately heat one 
square foot of adjoining building floor area' during a winter-clear day. That is, 
enough heat will be collected by the greenhouse to keep it and the adjoining 
space at an average temperature of 65° to 70°F. Approximate glass areas 
(double-glazed) for cold and temperate climates are given for greenh&use/ 
building combinations incorporating either a common ? masonry or water stor- 
age .wall between the spaces. + '■ 



Table IV-15a Sizing the Attached Greenhouse for Different Climatic Conditions 

- * : 

Average Winter * * 

Outdoor Temperature (°F| ■ , Square Feet of Greenhouse Glass * Needed 

(degree-days/mo.) 1 + 1 for Each One Square Foot <of Floor Area 





Masonty Wall 




frater Wall 

f ' 


> 

: Cold Climates ', - - 






I 

r „ 


20° (1,350) ' 


0.9 >1 .5 




0.68-1 .27 


25° (1,200) 


0.78-1.3 




• 0.57-1.05 


30° (1,050)' 


0.65^1.17 " 




(! 0.47-O.82| 


Temperate Climates 








35° (900) 


0.53-0*90* 




0.38-Q.6.5 


40° • (750)* 


0.42-6.69 ' 




0.30-0.51 


45°. (600) ^ - 


0.33-0.53 




" ' 0.24-0.38 


NOJES: 1. Temperatures and 'degree-days 
coldest months. ! 


are listed for December and 


January, usually the 



2. Within each. range choose a. ratio according to your latitude. For southerrj latitude^ 
i.e., 35°Nl,, use'the lower glass-to-floor-area ratios; for northern latitudes, i.e., 4B°n£' ( 
use the higher ratios. For a poorly insulated greenhouse, or building, always use slightly 
more glass, A ! 



•6 
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For example, in New-York City (40 M , average January temperature 35°F), an 
attached greenhouse with a common masonry wall will need about 1.2 square 
feet of greenhouse glazing for each square foot of adjoining building floor 
area (i.e., a 200-square-foot space needs an attached greenhouse with 240 
square feet of south-facing glass). ■* 

When using a thermal wall for heat storage and transfer, attach the greenhouse 
so it extends along the south'wall of a building exposing a large surface area 
of thermal wall to direct sunlight. A greenhouse elongated along the, east-west 
axis is the most efficient shape for solar collection— BUILDING Sh|,APE AND 
ORIENTATIONS). < ' 

Whenever possible recess the greenhouse into the building so that the east 
and west walls are also common partitions. This not only reduces greenhouse 
heat loss fcjut increases the amount of heat transferred .to the adjacent spaces. 




Photo IV-15c: Building surrou'fids the greenhouse to reduce the exposed 
exterior surface area. \ 
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An attached greenhouse with less than the recommended glass area works 
with the same efficiency. The amount of neat collected through each square 
foot of glass remains the same, only with iesls glass, less heat is collected, The 
area of greenhouse glazing wil| determine the potential contribution of solar 
heat supplied to the building 6vet*the year.-' 



When a greenhouse is attached to the south wall of a wood frame building 
(i.e., as in a retrofit), heaf is supplied to, the building mostly during the day- 
time and early evening. On a clear winter day, because high temperatures are 
generated in thejsreenhouse, heat is conducted°through the common wall 
[he vyall, though, has little thermal mass and stores only a 



info the buildint 




Photo IV-15d: Greenhouse addition. 
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small portion of this heat. At night, as outdoor and greenhouse temperatures 
drop, the frame wall coolsvery qui-ckly adding little heat to the adjoining 
space. Although the common frame wall is not a heat source_at night, it is 
not a heat loss either because aTtacTirng~fJie^gTe^Tiouse^to the building pro- 
tects the wall. 

When the primary function of the greenhouse is to heat the building, takings 
heat from the greenhouse by mechanical means and storing it for use in the 
building will increase the efficiency of the system.' This approach works best 
when the greenhouse is allowed to drop in temperature to about 40° to 45°F 
at night. While this system is feasible in temperate and cool climates, in very 
cold climates most of the heat collected by the greenhouse is needed to keep 
it from freezing at night. ; ' ,' ' * < 



Attached Greenhouse System 

16. Greenhouse 





Photo lV-16a 
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1 . * 



This pattern completes SIZING THE GREENHOU5E(15) by specifying the 
details necessary for a proper* connection between the greenhouse and the 
building. ' '. . ' . -, 



t . 




The detailing of the thermal Connection between the attached greenhouse 
and the building will determine the effectiveness of the greenhouse as a heat- 
ing source. For systems that rely on heat transfer through the common wall 
between the greenhouse and adjacent space(s), the efficiency of the system is 
largely determined by the surface area of the wall, its. thickness 7 material and 
surface color. * '•■ , • ; . 



The Recommendation 



When the principal method of heat transfer between the greenhou.se and 
building is a thermal wall, use the following table as a guide for selecting a 

wall thickness: " 

• •• • - ., v 

Material Recpmmended Thickness (in) * 

, , , _ , . . . j 

Adobe ' . - - 8-12' 

\" - Brick (common)^ '10-1*4 . ^ ° y 

Concrete (dense) 12-18' --^ 

x / i\ Water . . ; 8 or more (or 0.67 s 

■ i cu ft for>e'ach one sq ft ' * 

of scKffh-facing.glassJ 

Make the surface of the wall a medium or dark color-and be careful hot to 
block direct sunlight from reaching it. In cool and cold climates, locate small 
vents or operable windows in the wall to allow heat from th,e greenhouse 
directiy into the building during the daytime. , 1 
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MASONRY 
ADDED MASS 



Fig. IV-16a 




Provide exterior operable^ents and shading devices to prevent a' heat buildup 
in the greenhouse during '.the summer— GREENHOUSE 1 DETAlLS(20)^l*id 
add MOVABLE )NSULATION(23) and REFLECTORS(24) to make 'the green- 
house more effective as a heating source. 



The Information 

... , - ■ . ..u. _.. ;_.J> 



V 



In this paitern{ two methods of heat transfer from the greenhou's^ to the 
building are presented: a common masonry or water thermal wall between 
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16. Greenhouse Connection 



the spaces; or an active rock storage system with passive heat distribution. 
The active system is mentioned here only because "it is so frequently used. 



Common Masonry "Thermal Wall 

When a common masonry wall is the onjy method of heat storage and transfer 
•between spaces, daily temperatures in [the greenhouse will fluctuate 40° to.- 
60°F on a "cleafrwinler day. ^h4s~4jap^ens because the masonry -alone cannot 
-absorb and store enough heat. In this case;- the greenhouse should contain 
additional|,thermaf^mas^(water";hrt containers) to help dampen fluctuations — 
GREENHOUSE DETAILS(20). , • s 




The materiar' making'up thj0 wall, its thickness arid surface color largely. deter- 
rtiine the amount of .heat Iransferred to the building! The masonry wall func- 
tions very much like a Masonry Thermal Storage' Wall System'. They are so 
sijmilar, in fact, that the optimum wall thickness and surface color are the 
s^me, as are the temperature fluctuations in the adjacent space. See WALL 
CXETAILSfM) fo^jhle-optimtmT-wa^ l th ifc kn ess^a fid. - sx t rfa ee . • ^ — — 



J 



Common Water Thermal Wall 

When- the method of heat transfer between the greenhouse and 1 building »is 
through a common water wall, the volume of water determines the tempera- 
ture fluctuation in both the gre inhou'se and the adjacent space.; The, larger the 
Volume of water the snraller-tbi temperature fluctuations- in both s 1 paces. With 



0.67 cubic feet of^water (or mor"e) for 
azing, no add itional-rna.ss is heeded ir 




each one square foot of south-fating 
th e green house. The wa te r wall shpuld 
rf ace af - e a^ak. b oss i b I e in both the greenhouse/and adjacent 
space fqr adequate heat absorption and transfer. v 

J' ■ ' - 

Attive Rj>ck Storage-Passjve Heat Distribution ■ 

e^eviafteHsool climates (ayerage winter temperatures 35° to 45 °F), 
considerably rtibre heat is collected by the ; greenh'ouse ^than || ! --ean ase for 
heating. If the greenhouse is" used primarily as a heating'soutjce, it may be 
advantageous tb actively take heat f rorn o the, gceenhouse jduring the day and 
store it in the building for use at night. Heat (warm 



li x) taken from the 
greenhouse by a fan is stored, in, a rock bed usually located in the crawl 
space under the floor of the building. The advantage of this system is-tftat 



the greenhouse can be constructed of -any material and need not contain a 



Jjfeiermal wall. This- is important wHen ,a strong visual connection (large 



Ssi 



ir 
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vyirii^6W) between the building and greenhouse is desirable. -In this case, the 
rgreenhouse will receive enough heat back from the building at nrght (through 
-th^cprnmon wall and.- glassj.Jo keep it at a .temperature roughly midway 
between indoor and outdopr' temperatures. In this case it is important "to 
itie T d|WabJe window^jox^dopri to. assure that during periods of extfemely 
cold weather the greenhouse can receive direct -heat 'from the buildirrg to" 
keep it from, freezing. In cold „clima\es (average winter temperatures below 
35°F), in addition to operable windows, some thermal mass should be located 
in the greenhouse for daytime heat storage. This insured an additional supply 
of heat to. the greenhouse in/ the evening to keep it above freezing in 
winter. . ' * 

For adequate heat transfer (passive) from the rock bed to the space, it is im- 
portant that a large surface area of the floor act as the heating source. In 
cold climates this should about 75 to 100% of the floor's surface area 
and in temperate wtnl&^IJmVfeS 50 to 75%. This can be accomplished by 
supplying warm air to t|^ rock bed in .the space between the bed and the 
floor, and returning cool air. to the greenhouse from the bottom of the rock 
bed. In' this way, heat is distributed over the entire underside of the floor 
and then is radiated to the space. In cold climates use roughly 3 A to Vh 
cubic fee,t< of fist-sized rock -or 1 Vi to 3 cubic feet of rock in temperate 
climates for each one square foot of south-facing greenhouse glass. There 
are many types of active fock storage systems, the major variable being the 
location of the rock bed. Far example, another common location is in the 
' wall between the greenhouse and building. 
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Roof Pond System 




Photo IV-17a 
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17. Sizing the Roof Pond 



After choosing the roof pond as a possrble heating or cooling system — 
CHOOSING THE SY$TlM"(7)— this pattern gives a procedure for sizing the 
variations of this system. • 




Since roof ponds generally act as combined solar collector, heat dissipator 
(for summer cooling), storage medium and radiator, The area required varies 
according to whether the ponds are used for heating or cooling, the type of 
movable insulation used and the tkpe of glazing a% well as climate, latitude 
and building load. J 

The Recommendation 

* 

- « 

For heating, the recommended ratios of roof pond collector area for each 
one square foot of space floor area are given in the following table: 

Average winter u „ 
outdoor temperature (°F) 15°-2S° • 25°-35 35°-45° , 

Double-glazed ponds" * ' :- \ 
" w/night insulation, _ ... 0:85-1.0 , ' 0,60-0^90 r 

Single-glazed ponds . 

w/night insulation . " N 

and reflector " ... .... ..... 0.33-0.60 

bouble-glazed pond - — . _ ■■• 
w/night insulation 

' and reflector .... 0.50-1.0 0.25-0.45 



South-sloping collector , 
\ cover w/nrght insulation 0.60-1.0 v 0.40-0.60 0.2(£-0.40 
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Within each rah^ ^^B li ^^ yatio according to your latitude. At lower lati- 
tudes use the I6wer raW^and at higher, latitudes the higher value. Roof 
ponds require augmentation by reflectors ;at latitudes greater than 36° NL L 

Recommended radios of roof "pond area to^space'floiir area for cooling are 
given ih the fotlowirig table. These arenas. are based on j]je ^assu^iption thaf \ ^T. 
the ponds are not 'blocked from seeing at least three-fourths of "the whole 
-skydome. A. 



Type of Pond 



Hot-Humid 
Climate 



Hot-Dry 
Climate 



.Single-glazed pond 1.0 , 0.75-1.0 

Single-glazed pond " . • 

augmented, by • 

evaporative cooling ' 0.75-1..0 - 0.33-0.50 




* - . % 17. Sizing the Roof Pond . 

Work-out the ROOF POND DETAILS(18) so that the system is simple r to 
• build,and functions effjciently. 

The Information 

Besides climate -and: building" heat loss, sizing the roof pond is dependent 
upon the primary function of the pond' (heajing or'cooling), 'its relationship 
to movable "insulation and the, type of glazing provided. Each of these has 

the following influence: • * 

,..«•. * * ■ • - 

Function * 

The pbnd size and* configuration depend upon whether the emphasis of the 
system, is pn heating or cooling, or a balance of both. 

Heating — In winter, at lower latitudes^ (28° to 36'NL), the sun rises to a 
high enough position in the sky *for adequate solaj collection. At higher 
latitudes (40° to 56°NL), since the sun pajh is lower "i'ri the sky, the optimum 
heatmg configwat+or+ f©r^.a sotor collector is a. souiJ-L-iacing_tilL This is' im- 
possible to do with a roof pond since water seeks 5 its own level a'n-d a 
pond at a slope would be prohibitively expensive— to contain. To increase 
the solar gain of a horizontal pond so that it becomes a viable'^cojjector, 
solar gain can be increased by the use of a reflector. This^is accomplished by 
stepping the ponds to the south* with the movable insulation folding in 
half and becoming a reflector in the open position. Another appVoach is to 
hinge the reflector/movable insulation and have it act as a large reflective 
lid opening to the south. In northern. climates^ where heating is paramount 
and a snow problem exists, a sloping roof can be buiU over the ponds with 
the south slope glared. In this case, movable insulation can be hinged in 
such a way as to reflect low angle s,un onto the flat roof pond. 

Cooling — In contrast to heating, the optimal cooling configuration is. I flat 
pond that is.gxposed to the entire hemisphere of the -nightsky. Up to ,20 to 30 
Btu's per square foot of pond surface per hour can be (dissipated under very 
clear skies with low humidity and cool nighttime 1 temperatures. If greater cool- 
ing is needed and/or climatic conditions are not optimum, the outside surface 
pf the enclosed ponds can be sprayed with water or flooded to increase 
cooling by evaporation as well as by nocturnal, radiation .and convection. 
About 4 times as much heat can be dissipated from the roof pond by 
evaporation as b^ radiation. , 
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17.. Sizing the Roof Pond 



Relationship to Movable Insulation 

Movable insulation can act as a reflector when in the open posit ion, increas- 
ing the heating capability of the root' ponci However, unless' car.etully de- 
signed,' it can decrease the .cooling capability of the system by obscuring 
some 'of, the nightsky and protecting' the .ponds from desirable aifflow r'n 
ca$es where lower "outside night . temperatures would help cool the ponds 
by' natural convection. The optimum angle of the, reflector to the' pond is 
about 80° to 90° in winter. • „ 

Glazing , 

The efficiency of .a '.roof pond is greatly increased with double glazing. Due 
to the large surface, area exposed -to convert ive fosses, singli'-glazed root 




Photo IV-17b: Winter daytime position of reflect'or/msulating panel 
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ponqls are, generally not applicable to* regions with avejr.age monthly tern- * 
peratures lower than 50° F unless enhanced by .reflectors as mentioned 
above. The most economic method of providing double glazing for roof* 
ponds is by inflating an air cell over the pond as part oi the plastic bag 
contain^ the water.' This inflated air cell is easily ' removed for more 
effective, summer eooling by me-rely deflating the cell. Single-glared ponds._ 
are twice as effective as" double-glazed ponds- for cooling, so this flexible 
characteristic is valuable. • 



\ 
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Roof Pond System 

18. Roof Pond Details 




Photo IV-18a 



18. Rpqf Pond Details 



Once a clear idea for the size and shape of the roof pond — SIZING THE. 
ROOF* POND (17)— is established, it is necessary to detail the system so that 
it functions efficiently. "' • ' • 



%3 



Due to the integral nature of roof ponds and architecture, especially with 
regard to" structure, roof and ceiling, there are many details that need careful 
consideration. Although' roof ponds are simple in 'concept and 'potentially 
inexpensive, major problems have been caused by failure to adequately 
work out the numerous small details that make up the system. Generally 
the details Jail into three categories: the root, the ponds and the insulating 
panels. . ■■ 1 " 



The Recommendation , 
The Roof • 

;i ,^ppbrt the ponds on a waterproofed metal or thin concrete deck. Paint the 
^f^idi|^jde ; of the root deck (any color) and leave it exposed to the space 
belSw^tor optimum heat transfer from the ponds. 

The Ponds 

„ Enclose the water pond (6 to 12 inches in depth) in transparent plastic bags or 
in waterproof structural metal or fiberglass, tanks, that form; the roof and 
finished ceiling of the space below. Make the top oHthe container trans- 
parent and the inside a dark color to minimize heat stratification in the pond. 

The Insulating Panels 

-for a flat roof pond with horizontal sliding panels, make the panels as large 
as possible to reduce the amount and cost of hardware (such as tracks, seals). 

' ' - ' / 
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18. Roof Pond Details 



Construct the tracks for the panels to withstand deflection and make sure 
that the panels seal tightly over the ponds, when closed. To increase the 
efficiency of this system, design the insulating ptnels so they also act as 
reflectors when in the open position. Use either a bifolding or solid panel 
hinged along its north edge and ccfhstruct the surface of the panel with a 
reflective material. 

\ .* ' • ■ 

For a\ south-sloping collector system make the angle of the south glazing 
roughly equal to your latitude plus, 15°. Use movable insulating panels over 
the gj^zing at night and make the surface of* the panels, exposed to the 
ponds when in the open position, a reflective material. 



XtS^'ut. ° » • (\ - * sSn PCLYURETHA^E^ 



r\ ■ -'rv ■ v 
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Fig. IV-18a 
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When the panels also double as reflectors, optimize the angle of the re- 
flector according to the information given in REFLECTORS(24). Adjust the 
depth of the pond tc5 provide heat for CLOUDY DAY STORAGE(22). 



The Information 



The Roof 

In a Flat Roof Pond System, the clear span for a metal deck is generally 
from 10 to 16 feet, depending upon the room layout, type of decking used, 
and the weight of thelroof ponds and\jnsulation. The design of the structural 
l^stem must be Qoowjmated^with trie dimensions of\the ponds and/- the 
^insix|ftihf^p~&nel$-- to^Kjure^ase of construction and operation." B^aijser of 
the complicated -relationship of thela elements, use the assistance of a> 
reputable consultant familiar wiefe th& system's, design,^ 

It is essential to keep the transfer of heat ^rom the pond to the. metal de-ck 
ajfgreat as possible. This means it is desirable to waterprlprjf tr^jtoppjof ".&e/ 
deck with a thin plastic sheet such as double-la-rninated polyetrtylerfe/ cafe- 
fully sealed at the edges or a fiberglass' "she^t and a thin coat of asphalt 
emulsion. Hot-mopped asphalt and layers of felt provide too much^ insula- 
tion between the pond and deck and is therefore not desirable. Careful 
, attention, should be given to waterproofing the connection between* the 
. supports for the insulating panels and the roof deck. 

Opti rhizing the' heat transfer hetwpen the ponds and the space requires* 
that the ^nderside of the deck also be use"d as the finished ceiling. It. is 
important to paint the Underside of the metal deck since galvanized metal 
is a poor radiator when bare. Because the ceiling radiates at a relatively low 
temperature (±75°F), it can be painted any color. 

* 

Plf an acoustical ceiling is desired, use*a perforated metal acoustical panel rn 
good thermal contact with the deck. A. metal deck must be carefully in- 
sulated at its perimeter to eliminate heat loss at its edge. If the metal deck 
extends past the perimeter of the building, for example as a covering Tor a 
patio, then insulation must be placed between the interior and exterior 
deck. ' * 

■-■■■■%■- .'■ 
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1.8. Roof Pond Details M 



The Ponds 

Ponds can bp inexpensively constructed by enclosing water, 6 to 12 inches 
in depth, in plastic bags' made of polyethylene, polyvinyl chloride "or other 
forms of inexpensive clear plastic.Hn\tftis sense .the ponds wjlMesembfe . a 
wafer bed. Ponds can also be-c'OGSfw&^d of metal or fi berglal^taTrfcl.^i th ^ 
rigid transparent plastic covers but these- are more expensive, j^olyethylene ^ 
enclosed ponds, using the latest ultfa-vio>et\inhibited plastic, J*reypey: 



expensive andjshould" last up to 5 years. Polyviriyl chloride (PVC)' f> .ene.loii^^ 
ponds c6st"slighHy more but should last as lohg N as 7 to 10 years. Hfbgi^er; 



Wll 



care must be' taken when Using PVC for- the ponds since .sorrie. >P*£C 
wteteft-over-^-period of a year or so. if there is moisture on , both sides, of 
the surface .(apparently caused by water vapor "beiog absorbed by the£ • 
plasticizer). x " 

It is vecy impbrtant^ha^lemperature stratification In the p^^ h^ij^ 
minimum', qthenftlW^t water at r he top ^tbe" 'por\t^.y^^j^x^^cit 
heat to thejexterior environment, and;^._co|^fUef^^ Tim b^fcTrr 
inhibit heat transfer.- to the interior. of th^Jftfhg:. '^^cation^^nirrift 



By provid+ng- a clear top and a dirk' : STptfom. jh^a^ilqws thl swr^s * 



penetrating thmugb the ponds to t?e absorbed arid;' thus !o wa/m 
at trie bottom. This warmed water will rise, thereby "'continuaUy stirring the'-/ 
pond. \A~ properly operating'' roof po/id should not have a difference vfri/ 
temperature of mo're than 1°F between top and bottom. - ■ ' .~\ \ 

Since the evaporation of water causes excessive heat loss, water, drainage 
from the pohd's surface is essential when it rains. Bedause of the\compl<Jxifyv 
of the dra'inagV problem, refer to Kenneth i Haggard et al.> "geseirch Eyalua- ! 
tion of a Systemof Natural Air Conditioning.'* .... 



The 1 nsulaf Dig Panels 



The most common movable insula^P? panels are 2-inch polyu/etbjine foam, 
reinforced' with fiberglass strandr^d /SandvvlchedJDetween aUf^hur^sk.ins.^ 
This is a "standard itep "market^ls '/metal building insukttio^y" >This insula^- 
tion has been used successfuj^^ir up to 4'-0" spans before requiring support 
by metal channels. l]h theJ^a^Roof Pond System*- des'iga'lfej-.mjetajvjrames ' 
. that suppor^i^e injsulation^anejs so that they* do. not fpttn -a straight heat- - 
condgctin&pl^rom th^^ponds 'to the exterior. 



18. Roof Pond Details 



Panel tracks , and supports ^should be designed so that the panels form as 
tight an assembly as possible when closed. This requires careful detailing, 
especially fdr the sliding panels generally applied to flat roofs. Sometimes 
the tightness needed may require the use of neoprene curtains and seals 
which ride along the,.- panels. To illustrate the #ipd*taf4ce of seals, a $tudy 
performed in 1973 showed that 24% -of the energy striking the ponds on' an 
average winter day was, l^ost back through the insulation at nigrrt. Most of 
this loss was due to air infiltration ajround the panels, even though neoprene 
curtains were used. Although the system still provided the house with 100% 
"Bf its heating and cooling, it is easy to see that greater efficiency could be 
obtained. / ' 

! J- J - • • . 




Greenhouse 



19. South-Facing Green 
house (Freestanding) 




Photo IV-19a 



1 9. South-Facing Greenhouse (Freestanding) 



Once a location for the greenhouse has been "selected — BUILDING LOCA- 
TION(1)— and a rough shape. defined— BUILDING SHAPE AND ORIENTA- 
TION^) — this pattern will help to complete the overall design of; the 
building. 




The large surface area of glazing in a traditional greenhouse entails a significant 
heat loss, requiring the extensive use of costly and energy-consumijpg con- 
ventional heating systems. The classic greenhouse was originally 'developed 
for use in the European lowlands. The overcast, mild winter clirhate dictate.d 
a mainly transparent structure which would, permit the maximum flection 
•of diffuse H sky radiation. These., original structures have been copied, with 
little change, for use in nearly all other climates, m cold, northern climates, 
for example, the sun is in the southern sky all winter. For this reason, the 
transparent north wall of a conventional greenhouse, s wtiile admitting Jittle 
solar radiation at this time, contributes significantly to the -overall heat loss 
of the space. It is important that the design of a greenhouse respond to 
climatic conditions in order to function. effectively. 



The Recommendation - 

, ■■- ' 1 ■ v s • ■ • ' •■' 

In cold northern and 1 temperate climates, elongate the greenhouse along the 
east-west axis and butld the north wall of opaque materials, incorporating 
at least 2 inches of rigid 1 or 3 inches of batt insulation. To prevent one-sided 
plant growth, make the cef ling and/or upper part of the north wall a light 
color to reflect backlight onto the plant canopy. ^ " 
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Fig. lV-19a 




Add thermal mass to the interior of the greenhouse to store excess heat 
collected during the daytime for use at night— GREENHOUSE DETAlLS(20). 

The Information 



In 1973, a study was undertaken at Laval University in Quebec City/ Canada, 
to determine the most ^effective, way to reduce the extensive heat losses 
associated with conventional greenhouses in northern climates. Reports of 
the study state: 



A new design of a greenhouse has bee® developed for colder re- 
gions. The greenhouse is oriented on an east-west axis, the. south- 
facing roof being transparent, and the north-facing wall being in- 
sulated with a reflective /cover on the interior face. The angles of " 
the transparent roof and the rear, inclined wall are each designed 
to permit respectively /optimum transmittance of solar - radiation 
and maximum reflection of this radiation 1 onto the plant canopy. 
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19. South-Facing Greenhouse 



An experimental unit has been tested at Laval University during 
one winter. /V reduction has-been found in the heating require- 
ments of 30 to 40% compared to a standard greenhouse. Results of 
productivity of tomatoes and lettuce indicate Ngher yields, possibly 
due to the increased luminosity in winter.* . 



REFLECTIVE WALL LINING 




Fig. IV-19b: Laval University greenhouse, Quebec, City, Canada. 

""■in ' ' ' i n i i i • - 

*T. A. Lawand et al., "The Development and Testing of an Environmentally Designed Green- 
house for Colder Regions," Solar Energy 17 (1975): 307-12. 
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Photo IV-19b: Exterior of Laval University greenhouse. 
■ Quebec City, Canada. 

Since there is little solar radiation gain through the north face of. a green- 
house in winter, it was determined that a solid, well-insulated north wall 
substantially, reduced heat loss. Naturally, if the north wall is solid, then the 
entire south face (wall arid roof) of the greenhouse should be transparerrt.. 

The efficiency of the south glazing as a collector can be increased by tilting 
it to allow for maximum winter solar transmittanee. A tilt angle between 
40° to 70° from horizontal ks optimum. However, other -factors must also be 
considered in the design of the'south facade. For example, applying movable . 
insulation to a tilted, rather than a vertical surface, can be more difficult and 
expensive. If the tilt of the south .wall is too great", there may be problems 
of Adequate- interior headroom. .Also, in climates characterized by long 
periods of cloudy Winter conditions, .large .'south-facing glass areas, tNted 30° 
to 40° "from horizontal rather than 40° to 70°, are ide.al.fOr collecting both 
diffuse and direct sunlight. All of this suggests that the shape of the green- 
house and design of the south, facade will depend upon many factors. Photo- 
graphs IV-19c illustrate the wide rarjge of appropriate greenhouse configura- 
tions applicable for passive solar heating in northern climates (32° to 56°NL). 
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19. South-Facing Greenhouse 



The important concept to remember is that the north wall should be solid 
and that the soath wall and roof mostly transparent. 



t 




Photo IV-19c':* Appropriate greenhouse configurations- 
= ' (here and on next page). 
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19. South-Facing Greenhouse 



To give a rough' idea of how well a greenhouse will perform on sunny 
winter days, table IV-19a lists approximate .average indoor temperatures for 
' various outdoor conditions. It should be noted that in all climates, -a welt- 
constructed, double-glazed, south-facing greenhouse wijjw^ solid north wall 
will collect enough heat-on a sunny day to+ieat itself for that 24-hour period, 
even wKhldaily outdoor temperaiuresias low as 15°F. 2 



Table 1V-1 9a Clear-Day Average Daily Greenhouse Temperatures 



f \ Average Daily 

Outdoor Temperature (°F) 



Average Daily Indoor Temperature <°F)* 



Single Glazing 


io° / 


35V45° 


15° 


r 40°-50° 


20° 


• 45°-55° 


25 9 ' " 


/ 50°-60° 


30 6 . . 


55°-65° 


35° - 


" 60°-70° 


40° 


65°-75° 


45° 


70°-80° 



e Glazing 




' NOTE: ^Temperatures are- given for locatons , between 32° and 48°N^ Within each range 
choose a temperature accangJJjjjflr'To.your latitude.' For southern latitudes, i.e., 32°NL, 
m use the higher temperat^sTfor rjortbern latitudes, i.e., 48°NL, use the lower tempera- 
tures. The temperatures* listed \are~Tor a greenhouse with primarily south-facing glazing 
' ^a«al to or greater than its flopr area. 



It is important j to understand -that the amount" of south glazing and the 
insulating properties of the greenhouse will determine the average indoor 
temperature over a given day. The space temperature fluctuations above and 

\below this average are determined by the location, size and surface color of 
thermal mass in the greenhouse. Even though the average temperature in the 
■greenhouse over the day seems adequate for plant growth, the low nighttime 

, temperature may not be. , 



20. Greenhouse Details 



Thi? pattern completes SOUTH-FACING GREENH.OUSE(19). [^describes several 
ways to provide thermal storage mass in the greenhouse. 





Excess solar heat collected during the daytime in a conventional greenhouse 
is allowed to. escape. All greenhouses are in, fact solar: In current .methods 
of building greenhouses, however, there are no provisions for storing 
excess daytime, heat for use at night. But it is just this refinement that can 
itiake an enormous difference in the, way a greenhouse will perform. With- 
out provisions for heat storage, the daily temperature fluctuation in a green- 
house will be excessive. . 

The Recommendation 

Provide enough thermal storage mass in the greenhouse to dampen interior 
temperature "fluctuations by using one of the following methods: 

• >•» * ,; * .'- • 

Solid Masonry Construction with Additional Mass 

Construct the opaque walls and floor in the greenhouse of solid masonry at 
least 8 inches in thickness. Masonry alone, however, is not sufficient storage, 
so fine-tune the greenhouse after construction by adding thermal mass (such 
as water in containers) until the indoor temperatu re fluctuations are aecepjt- 
able. Make t the surface pf the mass a medium-to-dark color for maximum 
solar absorption. 

3 • '"■ j ' - Y ■ . " . r ' • - ; 

interior Water Wall ^ 

Integrate water into the north wall qf the greenhouse using roughly x h to 1 
cubic foot x>f water for each one square foot of southrfacing glass. Make the 
surface of the water wall a dark color and be careful not to block direct sun- 
light from reaching it. \ •- 
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Active Rock Storage System 



Locate a rock bed in the crawl space under the floor, or in the north wal of 
the greenhouse. Duct the warm air from the top of the greenhouse through 
the rock bed whenever the greenhouse air temperature is about 10°F warmer 
than the rock. Use roughly 1 1 /2 to 3 cubic feet of, rock for each one square 
foot of south-facing glass. 



;-/^ s :*Make the greenhouse more efficient as a solar-heating system — REFLECTORS 
*" J$-*<), MOVABLE INSULAT10N(23), INSULATION ON THE OUTSIDE(26)— and 
add additional thickness to the mass for CLOUDY DAY*STORAGE(22). 



<4 The Information 



Consider thata greenhouse without any means of heat storage or auxiliary heal 
input will fluctuate in temperature as much as 60" to 100° F over.a sunny, but 
-€©fd winter day. An example of \his condition- would he a -greenhouse that 
reached a daytime high 'emperature of 100°F and a nighttime low of 30°F. 

The average temperature in the greenhouse over the day would be about 70° F, 
-which is adequate for plant- growth, but a fluctuation of 70°F over 24 hours 
is not a desirable, condition: For this reason, a greenhouse must contain 
enough thermal mass to absorb and to store excess daytime heat for use at 
night, thus dampening daily interior temperature fluctuations. 

Suppose, now, that, the greenhouse has enough thermal rn^sx^firtegic^ny 
located, to ceduce the daily fluctuation to 30°J^JI^-Tfieam lha[ the high 
for the day would be about '85°F and^Jbe-4tlw^only 55°F. This would be fine 
for most greenhouse operations^ 

Various material^u^ecl. as thermal mass will produce different results. Since 
there are ma^ryways to include these materials in a greenhouse, the follow- 
ing djsjstfssion is limited to three of the most common methods. 

Solid Masonry Construction with Additional Mass 

The first method is to construct trfe opaque wajls and floor in the greenhouse 
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20. Greenhouse Details 



\ 



—WATER DRUM 



MASONRY- ADDITIONAL MASS 



INTERIOR WATER WALL 



ROCK BEP 



ACTIVE ROCK STORAGE 



Fig. IV-20a 
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of solid masonry. Howeyer, masonry will dampen interior fluctuations only 
slightly. A greenhouse' constructed of masonry will <nave daily fluctuathoris on 
the order of_45° to 70°?. In most instances, this fluctuation $ too great for 
plant life to flourish. This me^ns that additional mass is need eel in the green- 
house to further reduce these fluctuations. This is^usuaJly accomplished, after 
the greenhouse has been constructed/by adding containers of water (or any 
other appropriate substance) in the space until the daily fluctuations are 
acceptable,, 20° to 40°F. Whenever possible, it, is desirable to locate this mass 
in direct sunlight and make its' surface a, 1 medium or dark color. Fine tuning 
the greenhouse in this way /however, may lead to problems if enough interior 
space is not left available for this extra mass. So remetxjber, if this approach is 
taken, it-is important to plan ahead. J 



- - : '-r 




Photo IV-20b:, Added thermal mass decreases daily greenhouse 
temperature fluctuations. 1 
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20. Greenhouse Details 



Interior Water Wall - 

Another method of providing thermal mass in a greenhouse is with an interior 
waterwall. Since the north wall of a greenhouse is in a position to catch the 
most sunlight, it should generally embody the largest percentage of water 
storage. East and west walls can also provide some, area for water storage, 
but care* must be taken not to^create undesirable shading patterns, such as 
shading the north wall for a goodjaart of the day. A greenhouse with a water 
wall (dark" surface color) in direct "sunlight will have temperature fluctuations 
on°t'ne order of 20° to 40° F during clear winter days. Table IV-20a gives the 
expected daily range of fluctuations in a greenhouse with various quantities of 
water storage for each square foot of south-facing glass. 



Table IV-20a Daily Greenhouse Range of Temperature 
Fluctuations far a Water Storage Wall System 



Volume of Water 1 for - 
Each One Squatre Foot 
Of South-Facing Glass (cu ft) 


Interior" Range 
• of Temperature CF) 

Fluctuation * 

• ® 


0.33 ^ 


30°-41 ° 


0.50 


- /28°-34° 


0.67 


26°-31° 


1.0 


r ■". 24°-29° 


. 1.33 


20?-28° 



NOTES: I.' One cubic foot of water = 62.4 pounds or 7.4B gallons. 

2. Approximately 75% of the sunlight enteringothe space is assumed to be absorbed by 
the water wall. If less is absorbed, then fluctuations will be greater than those listed. 



Active Rock Storage System , 

And'third, since many greenhouses use- a combination of active/passive, sys- 
tems; it seems" a^>ropriate to give a sizing procedure for a s im pi e'. Active 
Rock Storage System. In this case, warm air is ducted from a high place in the 
greenhouse aricl passed through a rock bed. Heat transferred frtSm the„air to 
the,, rock i$ stored for use at night or on cloudy days. ..•■„■ 

* V . ° . • ■ ' 
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The .location and design of the rock bed will vary depending on spatial and 
functional considerations in the greenhouse. The most common placement, 
however; is in the foundation crawl space (under the floor) since this is 
essentially a free container (see fig. !V-20a). A wood floor or concrete slab is 
then constructed over the rock bed. During the charging cycle, the fan 
transfers heat from the space to the rock mass. At night, as the greenhouse 
cbols> heat is supplied to the space passively from the floor which essentially 
functions as a racjiant heating, panel. If additional heat is needed, warm air 
frpm the.rdtk mass can be circulated into the greenhouse. 




w* as to ion. 

Fig. IV-20b: Rock becWimensions. 

f _ IP v-r 

A variation of this" system is an enclosed^ insulated rock bin (container of fist- 
sized rocks) which uses air as the only heat transfer medium. The bin can be. 
located under a. planting bench or under the flobr. Again, warm air is circulated 
through the bin during the day to store heat. At night, however, the system'is- 
reversed, and cool greenhouse air, circulated through the bin, is wa/med and 
vented into the space: ,- o . • " ■/" 

Another variation of this system is a* rock mass exposed inside the greenhouse. 
The north wall of the greenhouse is usually the best .location foMhe mass. 
This system works in the same way as a rock bed; only now the rock wall is 
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also' in a position to absorb sunlight directly. In the Noti greenhouse (see 
photo lV-20c) wir%mesh pr0yed,to be a satisfactory method of containing the 
exposed rock. " • > 



WINTER 
day 




. - ■ • \- . 

Fig. IV-20c: Daytirne-andnighttime heat flow. 
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Photo IV-20c: North wall rock storage. 



In all the Active-Rock Storage Systems studied, the ability of the mass to 
dampen greenhouse temperature fluctuations was nearly identical. Tempera- 
ture fluctuations of 20° to 4()°T*'m the space can be expected during clear 
winter days. The rate of airflow through the bin and quantity of rock largely 
determine #»e fluctuations. 



For 

3 

rock 



each 



one square foot of south-facing greenhouse glass, use about I.V2. to 
curjic feet of rock. As a general rule, 8 to 10 feet is the maximum width of 
needed to circulate the air through, and V/2 to 4 feet is the minimum. 
Increasing the size of the storage mass beyond 3 cubic feet per square foot of 
"so utH- facing glass will not increase the performancCof the system significantly. 



Ventilation in the greenhouse functions not only to control heat buildup on 
warm days, but also' tp control " humidity and disease by .discouraging 
stagnation and replenishing, the ' plant's carbon dioxide supply which' is 
necessary for photosynthesis. To induee airflow, it is desirable to provide both 
high land low operabje vents- or windows (of roughly equal size) in the 
greenhouse. - 
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"To preveht overheating in summer, k is also essential to partially shade the 
greenhouse. There are several ways to accomplish this, such as using movable 
louvers or rollable shades, or applying whitewash to the glazing, ' 

' * 

•And finally, in the case of long spells of cloudy, cold weather, an, auxiliary 
heating system can .be installed to maintain adequate greenhouse tempera- 
tures. Any standard form of greenhouse heating system can be used; the choice 
of cf, uait should be based on local fuel availability and cost. However, if a 
greenhouse is properly designed, the amount of fuel needed in. winter wilt be' 
minimal. . 
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21* Combining Systems 



If more than one system is chosen to heat a" space — CHOOSING THE SYS- 
TEM^) — this pattern will help determine the relationship between the sizes 
of the various systems: • 



at-- 
15 




It is very likely- that a combination of passive systems will be used to .heat a 
space. However, sizing procedures are usually only given for individual 
systems. For example, many passive solar heated spaces employing a Thermal 
Storage Wall or Attached Greenhouse System will also include south-facing 
windows in the space. In some cases, direct gain windows will; be, part of the 
thermal wall. In thTs and other similar situations, the sizing prpcedures given 
in previous patterns must be adjusted. 

The Recommendation . 

. • 9 ' 

When sizing a combination of systems, adjust the procedures given in previous- 
patterns^according to the following ratios; for the same amount of heating, 
each 1 square foot of direct gain glazing equals. 2 ^quare feet of thermal 
storage wall or equals 3 square feet of greenhouse common wall area. 




at* - ' * 

. ... ' 

; Treat the details of each system as if it were the only system, and slightly over- 
size collector,aceas and thermal mass when .heat storage for cloudy days is 
needed— CLOUDY DAY STORAGE(22). 



The Information 

- ' • v -l- ~~ — — 

When most of the glazing normally used in a space also doubles as the 
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STORAGE WALL 




ATTACHED 
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collector area ^south-facing glazing), then a Direct Ca[n System" will utilize 
approximately 60 to .75% of the energy incident on the collector (south-facing " 
glazing) for space heating. These percentages; are largely determined by 
reflective and absorptive , radiation "losses through the glazing..- 

A The rmal Storage Watl System will transfer about 30 to 45^% of the energy 
incident on the collector into a space. This system's efficiency isjdetermined 
• nolbnly by reflective and absorptive losses through glazing, but also by heat 
Jost from the wall's exterior surface' because of the high temperatures gener- 
ated— WALL DETAI LS(14) ."' . * ' ' 



The Attached Greenhouse rs essentially a Thermal Storage Wall System. How- 
& ever, the#ercentage of incident ene'rgy Jon the collector) transferred through 
the. cbmmon wall between the greenhouse and building is less than a Thermal 
Storage Wall, or only .15 to 30%. The reason'rs simply that a greenhouse Jia's 
more surface area and consequently more heat loss th/an glass placed- only a 
few inches in front of a wall. This does not imply that this system is inefficient.. 
On the contrary, the energy collected by the- greenhouse that is not trans- 
ferred into the building is used \o heat the greenhouse itself^ 



All of this suggests- that a ratio of l" (Direct Gain) to, 2. (Thermal Storage Wall) 
to 3 (Attached Greenhouse) exists between the systems. (If the collector glazing 
in a Direct Gain System is additional to the amount that would normally be 
used in a- space, then double, the amount of collector area needed.) This means 
that each 1 square foot of collector area Iglazing) in a Direct Gain System 
supplies Roughly the same.quantity of heatto a space as 2 square feet of thermal 
•storage wall, or 3 square ieet of attached greenhouse wall area. According to 
these ratios then, 50 square feet of direct gain glazing will produce roughly the 
same amount of sojar heating as the combination of 25 square feet of direct 
gain glazing and 50 square feet of thermal storage wall, or 25 square feet of 
direct gain glazing and 75 square feet of attached greenhouse common wall 
. area., . ' ., .. ■ 



Wh£n heat is actively taken from the attached greenhouse and stored in the 
building— GREENHOUSE - CONNECTION(T6)— tKe percentage of incident 
energy supplied to a space increases. In this case, the ratio of direct gain to 
attached greenhouse collector area is, roughly/1 to 2. 

■ s ' I. <S ■ ' ' K . 
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Photo IV-2lb: 

DLrectgain windows 
and a masonry thermal 
storage wall. 
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<■'...■' ; ' 

Because of the many roof p^nd configurations, it is difficult to give-one rule of* 
thumb for combining the pond with other systems. However.-for the same 
amoun't of heating, the ratio of roof pond collector 1 'area to the collector area 
of other systems can be determined from the sizing procedures given in the > 
patterns-SOLAR WINDOWS^), SIZING THE WALLC13), SIZING THE CREEN- 
HOl)SEtt5) and'SIZlNG THE ROQF POND(17) * ,. 




/ 
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This pattern] completes aH the. sizing patterns — SOLAR WTNDOWS(9), " 
MASONRY HEAT STORAGE(ll) ,and INTERIOR WATER WALL(12); SIZING 

"THE WALL£l3) and WALL DETAILS(14); SIZING THE GREENHOUSE(15) and e 
GREENHOUSE CO N N ECTfc) NO 6) ; SIZING'THE ROOF PONDU7) and ROOF 
POND DETAILS(18). In all of |nem, the size of the collector area and thermal 

^.rnass can be adjusted to provicfe.J>ieating during periods of cloudy weather. 




In a passively heated building where thermal mass is part of the living spaces, 

fy additional heat collected will affect the average temperature in the space, 
©"'patterns give rules of thumb for f si-zing a system to' maintain ag average" 
s pace .ta ro p^ t tw? -■of : 7 °^-dur i «i g doorv vi nte r dayg. To, Btofc-hcat for cloudyr 



- day$, ( tt?e ; QQjIe.ctpVr^ r-je^^Tict storage; nriass . must t>e increased. However, as the 
>>-$¥&^\;U&!VTtes large^ and .the average- . ternp^kture • -in- tbe-space increases, 
* overheating oji sunny days may occur. " • \ 

the Recommendation 



■ t 

13 



Direct* Gain Systems * ;\ 

»As a general rule, fo provide heat storage for one- or two-cloudy days, increase 
the south glazing (collector area 8 ) , by 10 to 20% and : - 



• construct interior walls and floors of. solid masonry 8 inthes-or more 
/ in thickness, or • . \ 

'> . ■ ■ -' - • ■ 

• use 2 to 3 cubic feet of mtericMvwater wall' for each one square foot of 
' south glazings , * «° 

" ' « . • ;* , * q v 

Indirect Gain Systerps : r . " • 

„ ; ■ ■' * . / ' . - ■ „, 1 ■ '('••' ■ 

. '5 To provide heat stpjfoge for one or two doudy days 1 , increase the collector 
^A' area by 10 to 20%. and use: / ; 

• a thick masonry thermal storage wall of greate&|^M|uctjyity y . r - 

■ ' • ■"' ' ' • " • " - \ 

t • . e i . . . • . o • - ... 

;. « ■■ • ■ - ', j fc. 
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• one cubic foot or more of water wall for each one square foot of 
collector area or 

*• 6 tu 8 inches of roof pond depth; 8 to 12 inches for two or three days 
heat storage. £ 




* '* . Slow the rate of space hefft Iqss^on cloudy days by applying MOVABLE 

, INSULATION(23) oyer the south glazing at night. In climates with hot-dry. 

. summers, cool the thermal' mass at- night to provide ior SUMMIR COOLING * 

■y : « '{27) in the daytime! ' - V " ° - 

^ ' _ .- \ 

The: Information "'/ 

•/ / Aftejr , $ , tfeftpd .#f;Atfe?ttf.^^ * passively,; 

" : * " ' heated space will stabilize as $ system/This means thattBe heat input into,, the. 
- space, will equal the heat ouiput, and the average interior temperafijre will 
Y remaln.approximately the sanjie from day to day as long as these conditions 

^exist. . ■ c _ » . • /'...-.■ ' ''.,>'.-„ '-■ 

• The patterns gi ve' ru les, .'©ffturnbtfot' designing a .space that, will maintairvan 
average temperature of approximately 70* F during periods. of sunny winter 
; s weather conditfons. With/the arrival of -cloudy weather," it can be expected that 

« .. the avetage temperature in. a space will drop lower than 70° F with each con- 
• 4 V "secutivV cloudy day. This, of course, assumes that no auxiliary Keat is supplied 
-to the space, The rate* at which the average temperature drops is largely de^ 
/ > pendent uport. the quantity Of heat stored in {he thermal massat the beginning 
.. ** of the cloudy perioid.. Since this quantity is: 'dependent upon many variables 
7 'such as climate, latitude, collector area, rate of space heat loss, mass thickness 
• ••: and -mass surface color, the following suggestions, arte general and will change 
v slightly as the situation changes. 



Direct Gain 



more heat ft can 



In a Direct Gain System, the thicker the thermal mass,, the/ 
store at a giveir temperature. The more mass a'space contains; the longer jt 
will take to become fulfy charged with heat. And CQnversefy, after the space 
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stabilizes as a system (is fuJIy charged), the more mass it- contains, the longer 
it will take to cool down. 3 

For these reasons, in climates where consecutive sunny days are common, in 
winter, the storage of neat for cloudy days is accomplished by slightly over- 
sizing solar windows and thermal mass. With larger south gla2ing, it can be 
expected that the average temperature in a space will be warmer than 70°F 
on sunny winter days. And, because, of the additional mass, the space will 
,cool slowly during periods of cloudy weather, a few degrees each day. An 
example of this situation is a Space with slightly oversized solar windows and 
mass that maintains an average temperature of 74°F during sunny weather. If 
the average temperature in the space drops 4°F each cloudy day, it will.not be 
until the second or third day that auxiliary heating is needed. 

In climates where cloudy or foggy winter leather conditions prevail, design- 
ing for cloudy day storage is not recpmmended x since \i takes a period of 
consecutive sunny days to build up temperatur^jh a'large (thidS thermal 
mass. In cloudy climates use the glazing areas rnimrnum mass thickness 
xejcommencfed. in 'SOU\R WINDOWS(0h MASONRY HEAT STORAjCjEfl 1) and 
INTERIOR WATER WALLOP). Throes noi'mean that the systerh is riot 
working on cloudy days. O/i the contrary,. pa'ssiVe systems are always working. 
They collect and use all the energy that passes through the' glazing. On 
cloudy days, however, a space does not coHect enough diffuse sunlight to 
keep interior temperatures at 70"F, and, therefore, some auxiliary heartnpTirts~ 
necessary. • . 

Indirect Gain ( • 

'(Thermal Storage V^al I, Attached Greenhouse and Roof Ponds) 

-Sizing adjustments for cloudy day storage are different for masonry and water 
heat sto.rage. - ■ 

Depending upon its thermal properties — WALL DETAILS(14), GREENB^JJSE 
CONNECTION(16) — a masonry thermal storage wall or common .masonry wall 
betvi/een a gre£nhous£ and building has an optimum rarjge of. thicknesses., 
If the wall is made too thick, then little heat is transferred through the walL 
and the system is-ineffjcient. Therefore, to store heat for cloudy days, the' 
surface area of thawaJI (of a given material), and not its thickness, should be 
increased. By increasing the wall area, the daily avecage temperature in a space 
Will also rise above 70° F. For a day or two of cloudy weather then, the 
average space r temperature wiLI remain irt the comfort range, dropping a few 
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degrees each cloudy day. Trie rate at which the space cools is largely a function 
of the quantity of»heat stored in the wall at' the 'beginning of the cloudy 
period. From thejf commendations for wall.thickness-H can be seen that the 
higher the cond|piyity of a material the greater its optimum thickness. Irt 
general, after a p%|^id of sunny days, thicker walls of higher conductivity wili 
be charged with^jipreK heat than thinner walls with lower conductivity and,) 
therefore, will coot at a 'slower rate." ..„', i 



By making the surface area of a water wall ;©r roof pond larger than, that 
recommended in SIZING THE -WALL(13) % and SIZING THE ROOF . POND(17), 
the average temperature in a* space will be greater than 70°F on sunny winter 
days. Since a water wall is an excellent conductor of heat (because of water 
thermocirculation) it can be made any. thickness (volume). Using a large 
volume of water per square, foot of south glazing"causes a space to cool at a 
very slow rate during cloudy weather. However, increasing the volume of 
water wall also implies that (t will take a period of two or more consecutive 
sunny days to fully charge It with heat; Therefore, in cloudy climates with few 
sunny winter days, increasing the. volume of water above that needed to 
dampen interior temperature fluctuations is not recommended. Again, this 
does not imply that.a water wall or roof pond does not work well in cloudy 
climates; they are in. fact always working. °. • f 

... • r , 

By oversizing a system fof cloudy'day storage, space overrating will occur 
during sunny winter weather, possibly causing discomfort, in a Direct Gain 
System heat can be ventilated from a space, by opening windows, to lower 
ijjperior temperatures. In ah 'Indirect Gain System ventilation is also possible; 
however, placing an insulating panel tor curtain over, the inside face of the 
walKWrl I -effectively control overheating, ' V 
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Photo IV-2$a 



23. Movable Insulation 



e . i 



Once the solar - system for each living 
CHOOSING THE SYSTEM(7)— and the glass 
WINDOW .LOCATION (6)— the building cart 
collector by the use of movable insulation. ',> 



space has been determined — 
areas for each space located — 
3e made more-efficient as a solar 




Although glass and dear or translucent plastics have the potential to admit 
large amounts of solai ra^iatldnTaTliriu^rlit light into a space during the day- 
time, their poor insulating properties alloU a- large percentage of this energy 
to be lost back out through the glazing J mostly at night. In a well-insulated' 
building, glazed openings (windows, skylights and clerestories) can be one of 
the largest sources of building heat loss. Approximately two-thirds of this 
heat loss which occurs at night can be greatly reduced by the use of movable 
insulation. ' ''"../ " • ./ 



The Recommendation 

If possible, use movable insulation ovjer all glazed openings to prevent the heat 
gained during the daytime from escaping rapidly at night. When using single 
glazing in cold northern climates, always use movable insulation. To be effec- 
tive the insulation must make a fight and well-sealed cover for the glazed 
opening. / / - . 




Control the amount of surilight entering a space at different times of the year 
by detailing movable insuje^on so it doubles as SHADING DEVICES(25). 
When-using exterior insulating shutters or panel*, design them so that they 
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Fig. IV-23a 




also serve as REFLECTORS(24) 'to increase the solar gain through each square 
foot of glazing. . — ' " ' 



The Information 

- .... , t. _ ... 

Heat is transferred through glazed openings by two methods, either by con- 
duction through the. glass (or plastic) from the interior surface of the glazing 
to the exterior pr by infijtration, the exchange of warmed indjpor air with cold 
outdoor air through tiny cracks around>vindow frames. ' ' 




The purpose of movable insulation is to reduce heat losses when the, _ 
greatest. In winter, the major heat loss through gjass occurs at night! Fol 
example, in Boston,' during an.average January day, 65% of the total conduc- 
tion heat loss, through single or'double glazing occurred at this time (see '' 
IV-23a)\ (Mote that single glazing with night insulation performs more effec- 
tively than doS&te glazing without insulation.) However, the use of insulating 
shutter^ (with an^ value of 10) can reduce this heat loss by approximately 80 
to 90% 
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Table IV-23a Conduction Losses through Single and Double Glazing 
with and without Shutters for Boston 1 , 



Heat Loss (Btu/sq U E >) 





Single Glazing 2 


Double Glazing 3 


Single Glazing 
(w/shutters [R-10] 
at night) 


Double Glazing 
(w/shutters IR-10] 
at night) . 


Daytime (9 hours) 


368 


\ .211 


368 


211 


Nighttime 








48 


(15 hours) 


"679 


390 


51 


Total heat loss 

s " 


1,047 .' 


601 


419 


259 



NOTES: 1. Average January clear daytime temperature 33 0" F ; average January nighttime tem- 
perature 29.9°F; indoor temperature 70°F. 

2. Single glass U = 1.T3 Btu/hr-sq 

3. Double glass IM- .65 Btu/nr-sq ft-°F. • » 



A well-sealed insulating shutter will also dramatically reduce the infiltration -of 
cold air around window edges by creating a dead air space between the 
window and shutter This can be difficult to achieve, however, since an 
effective seal is hard to design, and poorly fitted shutters; allow a "convectiye 
airflow between the insulation and glazing, thus increasing the transfer of .heat 



through the glazing. 




.. 1 ■ -it. 
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■* 




L 

Stephen Baer who has been studying this problem tor many years observes: 

* - * V- ' 

_ The great problem with movable insulation is cracks... . , If you are 
. likely to have cracks, plan to torture any air that dares'' pass through 1 • 
, them. This can be done by pressing tjh'e insulation -panel direc4ly ' 

against the ^ lass — -any air leak around the edgQA must then spread 
, out in thirl film in order to warm the glass. Experimenting- w^tb 

smoke introduced ■ i-n thin - fUms behind glass, you find that once 

* ; i 235 



The Passive Solar Energy Book 



this layer (space betweerj gl,ass and panel) is less than 1/16 inch in 
thickness, it is slowed by enormous resistance and acts almost like 
• g ; syrup. Treat a glass area like a ship— break it into- separate *compa,rt- 
ments so that a leak in one place won't be <fatal.* ■ * 

By, using insulation over large south-facing windows or skylights, the solar 
heat gained during the daytime-is prevented from escaping at night. In this, 
way, a large heat-gain area during the day becomes, a low heat-loss area at 
night. Heat gains (or looses) through sputh-facing 6 glass, with and without 
movable iryfulation, are plotted for monthly solar and weather conditions in 
four locations. " ■ . _ - 



Notice that single glazing with night insulation is nearly as effective as double 
glazing with night insulation in Seattle, Madison and New York, and in 
Albuquerque it actually outperforms double-glazing with insulption. It seems 
reasonable to conclude, that in most climates, double glazing windows is not 
.necessary with insulating shutters. However, a masonry thermal storage wall, 
because of the high surface temperatures it generates adjacent" to, the glass,\ 
should be.double glazed in^ajljJi mates to prevent excessive fheat° loss. 

The application of movable insulation^ can be divided into three categories: 
(^'hand operated, (2) thermally sensitive anlj (3) motor driven. Hand-opgrate'd 
devices include sliding panels, hinged shutters and drapes. The initial c@st is 
generally low, and the materials usually pay. for themselves in energy savings 
within a 1 few-years. Thermajly sensitive devices: are activated by heat converted 
to mechanical movement Some examples ^are Skylids t *(a Freon-activated 
movable louvers system), heat motors (as used in vgreenhoua* venting systems) 
and large bimetallic strips. They function automatically anqj can be placed in 
area's; difficult to reach) .like skylights and high clerestory Windows. These 
mechanisms use no electricity and aire usually more expensive than hand- 
operated .devices. Motor-driven applications can be manually activated or 
contrbljepf by automatic timers, thermostats or light' sensitive devices: Some 
examples are Beadwall * (foam beads blown between double glazing) and 
Harold 5 Hay's Skytrterm ^System (motor-driverf sliding insulation panels). The 

/ - - J . , :, — — * ... 

♦Stephen 'Q. Baer^ "Movable Insulation," Passive Solar Heating and Cooling Conference and 
Workshop Proceedings (Springfield Va.: r^atiotxal Technical Information Service,, 1976). 

tSkylids are a patented device byStephen Baqr; Zomeworks Corp., AlBuquerque, N. Mex. 
♦Beadwall is a patented device by David vWtrrison, Zomeworks Corp., Albuquerqlie, N. Mex. / 
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Fig. IV-23c: ; Glazing performance with and without movable insulation. 
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Photo IV-23c: Insulating devices: thermally sensitive Skylid (above) 
and nlotor-driven Beadwall (facing page). 



23. Movable Insulation 




advantages of these devices, are possible automatic operation, use in difficult- ^ 
to-reach areas and the capability to move very lar*ge insulating panels. The 
disadvantages of motor-driven applications would be the use of somewhat 
m'ore complicated equipment and higher initial and maintenance costs. 

Movable insulation offers additional benefits. By reducing nighttime heat ,loss ( 
? less collector area is needed to heat a space. 
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24. Reflectors 



After CHOOSING JHE SYSTEM (7) for each space, the amount of solar energy 
incident on a collector can be increased with the addition) of a reflector. 
Reflectors, though, mustbe integrated into the, building's design when sizing 
and detailing the solar system. ' » - - 

" ^ P ' ■ ■ ■ ' ' ■ ' ■ 



* .... ' - " V 




A large amount of collector area (sputh-facing glass), may not be feasible or. 

desirable in many building situations. In a number of situations/'sudh as partial 

shading l by nearby buildings or vegetation, aesthetic considerations <or the 
.. limited availability of south wall for solar collection, large sputh^rtng. glass 
" > areas may not be possible. In addition, since glass is a poor^ulatpL it makes 

sense to" minimize the" area of glazing needed to heat a space. .By using 
; exterior reflectors, the. amount of solar radiation transmitted through, eacji 

square toot of glass can be dramatically increased. . ° "- / 



The Recommendation 

For vertical glazing use* a horizontal reflector roughly equal in width and 1 to 
£ times the hejght of the glazed opening in length. Tor south-sloping skylights 
4oca4eUhe refiector abdve the i skylight at a lilt angle-ot^pproxiinatel^,llM)!^ 
Make the reflector roughly equal to the length and width of the skylight.* 




When possible, design reflectors tp function as SHADING DEVICES(25) and/or 
insulating- shutters— MOVABLE jNSULATIpNto): ; • 
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The Information % LJ 

<p 

There are basically two types of exterior reflector/collector configurations: 
reflectors coupled with vertical or near vertical glazing, and reflectors coupled 
With south-sloping and horizontal skylights. 

•For vertical glazing, a horizontal reflector directly in front of the glazing is 
best. The winter performance of refkctor/collector configurations for various 
latitudes was studied at the University of Oregon in order to arrive at the 

5 s " 
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1 . ; ?; • . / 

. . ' ' " --4 

. A* ' ' " ' 

optimum geometrical arrangement for reflector/collector tilt angles.* Results 
for 48°NL indicate that the optimum reflector angle* for vertical glazing is 
about ,>95<°, or a 5° downward sipping reflector. The result of similar calcula- 
tions, for 35°NL, found the optimum tilt angle to be 85°, or a 5° upward 
sloping reflector. However, for architectural reasons (such as water drainage), 
it 5 is convenient to usie;.a 1 sli^htiy-^^nwai>d--«lopmg reflector.- if is interesting 
to note that at 35°NL only a- small; loss of collected energy (less than 5%) 
Would be incurred by usifig a downward sloping (5/) reflector. 

Tbe practical optimum length of a reflector for vertical glazing was found ° 
to be roughly 1 to 2 times the height of the glazed opening. The, jresults foe 
45 P NL during the month of January are presented in figure IV-24b. Notice 
that the rate of enhancement (percentage of added energy) declines sharply 
as the reflectqp length is increased beyond 2 times tKe height of the collector. 
The energy gathjered_with a reflector length of I 1 /? times the height of the 
collector is only 7% less, than that gathered with a very long reflector. Below 
IV2 though, the energy cqfected declines almost linearjy with reffector 
length, but even .at 1 an enhancement of 3$% is possible. Similar results 
were obtained for^eftector/cellector combinations at, 3'5'N-L For maximum 
fJexibility ^4rchttec^ral design; the shortest possible reflector' length is 

-usually desirable. 

v ^ • ."■ -j _ . - . . ' ' ■ ■ ^ v . . . 

,-6y;lising reflectors, ^ average- winter solar radiation inciden* on vertical 
glazing can be increased bjy roughly 30 to 40% t during" the winter months. 

' ■"' . w" j \ " ■ • 

Similar results can be achieved by using a reflectoY. in conjunction with 
' south-sipping skyli g h t s $0|° to 50 °-trrt fremrt-hoHzon^H ©HrorizorrtalHi 
lights. To collectthe most Winter sun, the reflector should make an angle of 
approximately 90" to 110° with a south-sloping skylight and 65" to 80°' 
with a horizontal skylight! f \ . v 

This type 6f reflector configuration, unless adjusted 3ai.Iy> tfiougli-, does not 
work. well in cloudy climates, such as coastal regions o'f the Pacific Northwest, 
because the reflector shades part of tJje'skydome thus reducing the amount 
of diffhjse ^cy radiation collected by the skylight during the predominantly 
cloudy" wearier. • f - ,; — - 

— • ^'ifv ; " ■"- ', " - • • . < ' : '-\. '. . ■ -.. "\i ; : j' ■ 

♦For a detailed anaiysj$see S, Baker, D. if^cDaniels, and fc. Kaehn, "Time Integrate^Talculation 
"of the Insolation Collected by a Reflector/Collector System.". 

tThese percentages apply to a specular reflector with a surface reflectance of 0.8. 




Fig. JV-24b: Percentage of solar energy enhancement for various 
\ " reflector/collector tilt angles at 35°NL (herej and 
45°NL (facing. page). \ ' — 



Note: Values plotted are for a reflector with 0.80 reflectance and a ° 

reflector/collector ratio of 2.0 (or the reflector is 2 times the 

height of the; collector in length)/ ,y 

Source: S. Baker, D. MeDaniels, and E. Kaehn, ! ;'/Tjme Integrated Cal-* , 
culation of the Insolation Collected by a Reflector/Collector 
System."' . ■ ° , 
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45 9 NL 




REFLECTOR/COLLECTOR ANGLE (DEGREES) 



TABLE IV-24a Recommended * Reflector Tilt Angles for South-Facing Skylights 
Skylight Slope *LNort*i Latitude , ■■ — 



j t k i 


36° 




4** 


54" 


■r^r.rr i .r.', i r*:r."',rr^' > ■ ■ 111 

horizontal" 


* 80° 


76° 


71° 




• . 30° "■. 


100° 


97° 


93° 


90° ■'• / 


46; 


3 107° 


103° 


.100° 


97° V" 


50° 


113° 


•iio 6 , 


107> 


103 8 



iSed 



NOTE; 'As more detailed reflector/collector studies become available, recommended reflector 
tilt angles .may -crjartg^sfigHtly.---. — * — — 4 — = — $ ; — 



Skylight reflectors, could be adjusted for the summer months to serve as 
SHADING^ DEVICES(25). I b Winter the reflector would be raised to increase 
solar collection, and in summe$ lowered to shade the skylight. Remember 
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that , reflectors which protrude out iro'm the face of a building are usually 
subject lo. increased wind Icrads and, therefore , m ust he 01 >turdv ( onvtruriion. 



Applied inside a building, reflectors can be used. .to direct sunlight lo a 
particular part of the space, for example.- to reflect sunlight onto an- interior 
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water wall. Materials suitable for- reflectors include shiny metals .'such as 
polishecl aluminum, thin metal foils, and glass or plastic mirrors. White- 
colorfed materiaJs' can be used but will not perform as well as polished 
surfaces. Care should be taken when, using reflectors with windows because 
of possible glare. 

- . . ' 

Table IV-24b Normal Specular Solar Reflectance of Various Surfaces 



Surface l Percentage of Specular Reflectance 



Electroplated silver, new -> 


0.96 ' 


High-purity aluminum, new, clean 


0.91 


Sputtered aluminum qptical reflector- 


0.89 


Brytal processed aluminum, high purity . 


0.89 


Back-silvered water white pfe&e glass, new, clean 


..' 0.88 


Aluminum, silicon^oxygen coatmg, clean 


0.87 


Aluminum foil, 99.5% pure 


0.86 


Back-aluminized 3M acrylic, new 


qm 


Commercial Alzac process aluminum (plastic w/ 


aas * 


aluminum surface film) . 




Back-aluminized 3M acrylic, new 


0.85* 


Alumiruzed Type C Mylar (from Mylar side) 

■'- ■ : • — 


0.76 ' 



NOTE: *Exposed to equivalent o| 1 year solar radiation. 

SOURCE; John A. Duffie and William. A. Beekman, 5o/ar Energy Thermal Processes^. 
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Photo IV-25a 



25. Shading Devices 



WINDOW. LOCATldN46) c/lls for the major glass areas in the building to 
be oriented south. This pattern describes specific methods for shading these 
glass areas in summer. 



/ 




Large south-facing glass 4reas, sized to admit maximum solar gain in winter, 
will also admit solar gain in summer When it is not neetied. Although there is 
less, sunlight striking south-facing vertical glass in shinier, it is usually 
enough to cause severe 'Overheating- , problems. Fortunately, by using an 
overhang with south glazing, summer sunlight can be effectively controlled. 
The effectiveness of any shading device, however; depends upon how well 
it shades the glass in summer without shading it in winter. 

• .. ' { , • o a • • ■ 

» , ■ IS - ' ' ' . f " : 

The Recommendation / 

o ' , •• ' . 

Shade south glazing with a horizontal overhang located above the glazing 
and equal* in. length to . roughly one-fourth the height of the opening in 
southern latitudes (36° NL) and one-half the height of the qpening in northern 
latitudes (48° NL). 




When possible, design, shading devices to act as both REFLECTQRS(24) to 
increase solar gaili in winter, and as insulating shutters— MOVABLE INSULA- 
TION^) — to reduce building heat loss^. ^ 

■J > .1 ' 
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The most effective method for shading south-facing glass in summer is with 
„ an overhang. This shading- device is simply a solid horizontal projection 
" located at the top .exterior of a window. The op-timum projection of the 
overhang from the face of the building is dependent upon window height, 
latitude and climate. For examplf^ the larger the opening (height) the longer,, 
the overhang. At ■ southern latitudes (36°NL) the projection should oe 
slightly smaller than at more northerly latitudes (48°NL) 7 because the sun 
follows a higher path across the summer skydome. An overhang when tilted 
up will, not only function as a shading device in .-summer, but also as a 
reflector in winter. 

The following equation provides a quick method for determining the projec- 
tion of a fixed, overhang. 

G 

window opening (height) 
.• Projection = - — 

where: F= factor from following table 
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North Latitude 


F Factor • 




28°. 


5.6- 


11.1 




- 32° 


4.0- 


6.3 




- 36° 


3.0- 


4.5 




/ 40° 


2.5- 


3.4 




44° 


2.0- 


2.7 




48° 


1.7- 


2.2 


p. 

s 


" 52° 


1.5-' 


7.8 




■ 3 56° 


1.3- 


1.5 




f* \ ; ' — • : 

NOTE: *Select a factor according to your latitude. 


The higher \ 


alues wil 


provide 1.00% shading 



at noon pri June 21, the lower values until August 




EFLECTIVE MATERIAL 



Fig. IV-25b: Overhang/reflectpr, Ike Williams Community-Center in 
* Trenton, New Jersey. 
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A "■ ■ 

Photo IV-25b: Fixed overhang doubles as a reflector in winter. 



A fixed overhang,. however, is not necessarily the besff solution for sh'acling 
sduth-facing glass since climatic seasons s dq not correspond to the sun's 
movement across the sky. In the Northern Hemisphere, for instance, the 
middle Sf the summer dimatfc season does not coincide with the longest 
day of the year (June 21),, nor the middle of the winter season with the 
shortest day (December 21). In most- regions there is a time lag of at least 
a month. Ln addition, a fixed exterior shading device will provide the same 
shading on' September 21, when the weaiher js warm, and on March 2T-< 
when i.t is cold, "this happens because the sun's path across the sjcy is the 

same .on those days. Adjustable .overhangs provide a potentially" better 

,. , . I - • • - ' .- 
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SjpJ-tftiorv. Thfey ca'n be regulated seasonalh . lor example to partially >hade a 
window in September and then adjusted to admit dull sunlight hi .March, 
However, 'jhese devices inav be more expensive to build dj^ie .to additional 
hardware. Also, they are sometimes dttlicull to" design and maintain- and 
they rec] u i re' t lie correct seasonal adfusf mcrTts to be etiet ti\e 

Interior shading devices, such as roller shades. \ enetian blinds, drapes " and 
panels, while not as elle( live in 'keeping sunlight from !hc a building oiti-r 
ease of operation and maintenance It should' be noted that in^fcujr shading 
devices ojten eliminate, or severeh jimit , a \ ie\\ lo the outside -\ mm??^ 
sclt-adjusting shading device tor south gla/ihg is a \ me-p-ivered ' trellised 




Photo ffV^ZSc: Trellised overhang shades, m summer d ic- no , but admits 
sunlight in winter dacmis'pagei . 
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oveihaYig. Since vegetation Yrtasely follows .climatic rather than solar varia* 
; iians, a 'vine vviil be covered vyith "leaves °in summer and bare in winter. 
"\-ta\e should be taken to periodically thin the vines so they do not grow too 
/' thick'and shade the glazing in winter. <,' - = - 

r » a' . * 

./X^eihangs do not provide adequate shading/for east- and west-facing' glass, 
^^'hereas trees and tall hedges, when properly located, wiH block- the low 
\ morning and I ate' afternoon summer sun. ' 

Adjustable vertical' louvers and awnings or .retractable exterior .curtains are - 
also effective methods of shading east and west glazing. Vertical louvers 

o 
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adjusted to face south will admit the afternoon winter sun, but when 
pivoted to face north, they shade the glazing from morning and afternoon 
summer sun/. Perhaps a simpler and less expensive solution is an awning or 
exterior curtain set in front of the window. For a mo°re complete explana- 
tion of shading device calculations, see '/The Shading Calculator" in chapter 5. 



26. Insulation 
on the Outside 




Photo !V-26a . 
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26. Insulation on the Outside 




This pattern completes MASONRY HEAT STORAGE(11) and INTERIOR WATER 
WALL(12). It describes methods for keeping heat stored in an inferior 
thermal mass from escaping rapidly to the outside. 




While good at storing heat, a masonry exterior wall used as a'heat storage 
medium within a space will also readily pass this Keat to the outside. 

Masonry materials such as brick, stone, concrete and adobe , can store 
large amounts of heat. A masonry walj by ftself, though, does not provide 
good insulation, for example, 3 1 /2 inches of fiberglass insulation has the 
insulating properties of 12 feet of concrete or 4 feet of adobe. In a Direct 
Gain System a large portion of the beat stored in an exposed masonry wall 
Will be lost to the exterior. 



The Recommendation 

When using a masonry waif (exposed to the exterior) for heat storage, place 
insulation on the outside of the wall. Also, at the perimeter of. foundation 
walls, apply approximately Vh to 2 feet of 2-inch rigid waterproof insulation 
below grade. This will prevent any heat stQred in the walls and floor from 
• being conducted rapidly to the outside. 




UseWocally available insulation made of recycled materials which consume 
small amounts of energy to manufacture— APPROPRIATE. MATE RIALS (8). 
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When used in standard masonry construction, insulation is. customarily placed 
Wtfre^ns1de"'"fa s pe of a Walt, directly behind the/interior finish, or within the 
cavity of a wall. However, to be effective, for heat storage; masonry should 
not be insulated from thefpterionspace and room afr. f 

Therefore, when usfeig.masonry in an interior wall that also faces the exterior, 
place the insulation on the outside face of the wall. This keeps any heat 
stored' in the wall _ins/c(e the space. A masonry wall constructed in this way 
can absorb solar radiation during the day, store it ' as heat and. release it to 
the space at night when needed. . , \ 

There is one exception to this rule.s m sunny Temperate winter climates, 
so;u|h-facir^g masonry walls* with a dark to medium-dark exterior surface 
color can be left uninsulated, since the south:. wall absorbs enough sunlight 
(heat) during the daytime to offset any heat flow out through the wall at 
night. . • • " 

InsulatloTTnTaylae in the form of rigid boards applied directly to the wall, or ■ 
ibatt insulation fastened between metal or wood studs. When placed on the 
exterior face'of a wall, tesulation should be protected from the weather and 
Iphysical damage by applying stucco or siding. 
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STANDARD 
PRACTICE 



SUGGESTED 
PRACTICE 




IntulaMon 



EXTERIOR 




kmiation 



Fig. IV-26b: Insulation applications. 



When considering a masonry ftoor as a heat storage medium, it is necessary 
to knpw whether placing insulation beneath the floor and at the perimeter 
is worthwhile. Dr. Francis C. Wessling, in a papier titled "Temperature 
Response of a Sunlit Floor and Its Surrounding Soil" concluded; 

. . . calculations show the energy^ given up by the .floor to the' 
roorrt differs by less than 10% regardless -of the use of insulation. 
This indicates that the use of insulation. beneath a'2-foot-thick floor is 
~ 7 * probably not warranted. The perimeteinristTt'attofT7*0eT-not affect the - 
energy given up by the floor to. the room either. However, the .;• 
perimeter insulation does decrease the total house heating load- 

The placement of perimeter insulation has an effect on the building's per- 
formance. According to the stufty: 



The soil floor ,witb, 24 inches of perimeter insulation .appears to 
- perform better than the 6-inch concrete floor with" side and bottom . 
' insulation.* . •■ 

In dry "climates, it is apparent that insulation beneath.°a floor slab is not 
advantageous, howeve^ insulation beneath a. masonry floor in wet climates 



is probably advantageous 




*Wessling et al., PassJve^Solar ^eating and Cooling Conference and Workshop Proceedings 
(Springfield, Va. : Natidr^oTechn^cal Information Service, 1976), pp. 73-78. 



261 A 



\- -. 



\ 

27. Summer Cooling 



* » 

While simultaneously deciding on the placement of windows for winter solar 
heat gain— WINDOW LOCATION^)— thought must be given to the location 
of Openings for summer breeze penetration. 




The opportunity to utilize a passive system for summer cooling is often over- 
looked since the major emphasis of passive building design is on keeping 

waFht in winter. There, are essentially two elements in« every passive , solar 
building, south-facing glazing for heat gain* and thermal mass for heat storage. 
These elements, when properly designed, have the potential to provide both 
heating and cooling in climates.with cool or cold winters and warm summers. 
When design considerations for summer cooling are neglected, the glazing and 
thermal mass can work to increase heat gain, and storage, at a . time when it is 
not wanted, causing extremely uncomfortable interior conditions. 

The Recommendation > 

Make the roof a light color or reflective material. In climates with hot-dry 
summers: , „ = » 



1. Open the buildin g" up at nig ht (operable windows or ventsj to 
ventilate anHcoof interior thermaTmass. 

2. Arrange large openings of roughly equal size" 'so that inlets face the 
prevailing nighttime summer breezes and outlets are located on the 
side of the building directly opposite the in1et5.pr.iri the low pressure 
areas on the roof and sides of the building. r 

3. Close the building up du ring the daytime to keep the heat out. 



J 




27. Summer Cooling 

In climates with hot-humid summers: 

1. Open the building up to the prevailing summer breezes during fhe day 
and evening. 

2. Arrange inlets and outlets as outlined above, only make the area of 
the outlets slightly larger than the inlets. 




+ - HIGH PRESSURE llntetl 
Fig. IV-27a^ __ LOW PRESSURE loottet] 

/ 




Shade all glazed openings in summer— SHADING - DEVICES(25)-r-and selec- 
tively plant, vegetation for bdth wrnd .protection- in winter -and shading in 
summer. .'- ' 
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The Information 

■ * 

Building requirements for summer cooling are dependent on summer climatic 
conditions. There are essentially two distinct conditions: hot-dry and hot- 
humid. 

f,' 

n 4 

Hot-Dry* •• 

.Design for solar heating and summer coolingsin a climate with cold winters 
and hr3t-dry summers is compatible. This climate is also characterized by high 
daytime and low nighttime (comfortable) temperatures in summer. The large 
daily temperature fluctuation indicates intensive solar radiation during the 
day and strong outgoing radiation* (clear skies) at night. These conditions 
necessitate shading, reflective surface colors, insulation and masonry construc- 
tion to -reduce and delay solar and corrective heat gains during the day, and 
nighttime cooling of thermal mass by either ventilation or nightsky radiation. 

- © ' . " . 

Shading— The first line of heat control begins at the exterior of a balding 
where both trees and SHADING DEVICES{25) are needed to keep out the sun 
in summer. Treves hejp to moderate temperatures near the ground under the 
_,tree-aod when properly located a.re effective in intercepting solar radiation 
before it reaches east- and west-facing windows arid walls': If a building is well 
shaded in summer then heat gain , will be limited-primarity to the^conduction 
of heat through the skin of the building. 

* ■ . . „ 

Surface Color— The next line of heat control Jje^ti^€^\n^r^si building. 
Surfaces which reflect ratherthari i absorb Oration and' which readily reradiate* 
the thermal energy, that is absorbed will reduce the amount of .heat trans- 
mitted to the interior. Conflict arises when both dark colors, for maximum 
solar absorption in winter and light colors or polished surfaces for minimum 
absorption in summer are desired. Architecturally, by taking advantage of the 
sun's seasonal paths, this conflict can be solved. -The south facade, made a 
medium or dark color, will absorb low south winter sunlight and the roof, 
made a light Color or shiny material, will reflect the high summer sun. To 
arrive at the most effective surface finish or color for east- and west-facing 
wails, U is necessary , to weigh the lengthy and intensity of each season. 
For example, long hot summers and mild winters indicate the need for reflec- 
tive and light-colored finishes/ while long cold winters andVrrjild surnmers 
indicate medium or dark surface colors. "' »• 

' . fr . . \ ' - ' » 
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27. .Summer Cooling'' 1 



Insulation and Masonry Construction— All exterior heat impacts must pass, 
through the skin of a building before affecting indoor temperatures. As heat- 
flows through a material, it is both slowed in time, from "reaching tf\e interior 
and. reduced in intensity, Both.these characteristics of rpaterials can be utilized 
to create comfortableindoor summer conditions. 

• . V ^ . — . r , <S 

-"•^ K L ■ '. ' '* 

F$g£t, the transfer offbeat through walls a^d roof, can be slowed down so it 
reaches the interior ip the evening when outdoor air temperatures are cool/ 
and the building can be kept comfortable by natural or mechanical ventilation. . 
This delay* is called the "time lag" property of a material. Materials with large 
time.lags, such as concrete, brick, and stone, usually have, dense -and massive 
properties. And secOnp!,Jnsulating materials pierced ofh~the,^lerior face of 
masonry' construction will insure that'o„nly a small portion <3f the exterior heart 
impact is conducted through the«skin= into the building. » 

It is evident that the. requi cements 'for a Direct Gain System with masonry 
- heat s t otd.gefai ' < j / .^ s.fen'tlaHy-':.the sarne as thdse needed for summer cooling/' 
. Summer cooling in this climate ji afed possible with other passive^oia>Keating- - 
systems since each has interior thermal mass for heat, sto^get even those con- 
structed of lightweight materials, i^J^„wood frame burlding with an 'interior 
water walj<. In summ^-tntr mass, cooled throughout the evening by either 
natural or rti«cri a n i ca I ventilation, or by nightsky radiation (Roof Pond Sys- 
tem), absorbs heat and prtovicfes qool interior surfaces during the ; daytime. 
In essence, the passive system works in reverse. The building is opened up. at 
night, when outdoor temperatures are low, to cool the interior thermal mass, 
then closed up during the day to keep the. heat out and retain cool interior 
mass . surface and air temperature^ ' • " » \ J.. 

Ventilatjpn-r-The natural forces for moving air through a buitding are wind and 
the temperature difference between indoor and outdoor, air or the "stack 



effect/'/ln considering natural wind forces for summer ventilation, it is 



essential to know the ^dj^4ic+n^ the prevailing summer breezes; daily yafid$>#|£f'* 
-tioiisJ^&pGssiJble^nd interference by nearby buildings, trees and hills. V ■ • 

When locating openings for night ventilation, place inlet openings (operable 
windows, vents) on the- side of the building facing directly into the prevailing 
wind, and outlets on the side opposite the wind pr in the low pressure areas s 
on the roof and "sides of the building. Large "openings placed in this manner 
will give optimum results. The largest airflow per unit area of opening is' ° 
obtained when inlets and outlets are equal in sjze. Increasing the area of the < 

o '.-..; r' " a .. * ° .' . ■• 
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outlets (relative to the inlets) increases airflow but not in proportion to the 
additional area. 

The. temperature difference between \warm indoor air and cooler outdoor air 
will cause a stack effect. Warm air rises out througrropenings located high in a 
space while simultanedusly drawing in cpofer outdoor ajr through openings 
located low iri the space. The .larger the temperature difference between 
indoor and outdoor air, the greater the height between inlets and. outlets, and 
the larger the openings, the greater will be the flow of air. When natural 
ventilation is not possible, other methods of inducing airflow include wind- 
driven and mechanical fan systems. ' 

Hot-Humid . V ^ 

. " : v ■' • 

locations in hot-hurrWd climates are characterized by hrgh, daytime and nigbt- 
time temperatures. There is very little' outdoor temperature fluctuation over 
the day. Indoor comfort in this climate is\ largely dependent upon the control 
of radiant heat gain and air movement. These requirements call for effective 
shading, light-colored exterior surfaces and -reflective materials, arid well- 
insulated construction. Since outdoor air temperatures do not cool down 
substantially at night, cooling is accomplished by moving a sufficient -quantity 
of air past the body to ensure the rapid evaporation of sweat from the sktfi. 
To provide Jo f adequate ajr rnovernent follow the. suggestions for natural 
ventilation outlined above. The most effective cooking takes place with a high 
velocity of airflow. This ean fee accomplish ec" by making the area c»f outlet 
openings larger than the inlets. „ * 1 

Since interior thermal mass has little effect on indoor temperatures in this 
cMmaleylt^^eCifessary 1 ta weigh' the tengfh and intensi%.of the various seasons 
in order- to deyelop a design that rrtalces an integrated solution pdssible. For 
exarnpley na^Roof Pond System with -evaporative cooiirfg 'can" pr/ovide both 
.heating'ini'wihter and cooling in. climates with long hot-humid' summers.; x 



V 




The Sun Charts 

How the Sun.Works 
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For our purposes, it is convenient to assume that the eaftfvjs' stationary and the ? '| 
sun is in motion around the earth: Figure V-1 lists the angle (deeJination) of *«3*;£ 
the sun above | + ) or below (-) the equator, on the twentieth of each rfldnth, v . 
as seen from the earth, from the Northern Hemisphere," you can s$e that the a ; 
sun lingers at its highest position in the sky for three months during 'the ; sum- 
mer, then moves very quickly through fall towards winter, wheTe it appears 
low in the sky for another 6 three months. V . : ' " * ' ' ' , i,- * 

In order to understand and be responsive lo the effects of Che .sun , on the , 
location and desjgn of places, it is -necessary \d ^p6\\, at.any givea moment, : ' 
-the sun's position' in the sIcy.Thijynformation is /leces'sary' 



solar, heat gain, and to4or ate"bu'ilJn"gs, outdoor spaces, inferior room arrange- * 
memts, win'doWS, shading devi.ce/Vegetation and sojap collectors. } ■«':■,- ■ 
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The Cylindrical Sun Chart _ - 

»■■■'.•' - ' • .n ■ .... 

The Cylindrical ^Sun. Chart, which is developed here, provides, an easy-=fo- 
/ understand and convenient waftoWedict the sun's^ovement across .the, sky 
.f las seen from any point ih the world^betwe'en 28° and 56° Nl. The^hatt is a 

Vertical projection .of the sun's path asVseen from, earth.' It could be si id, then, . 

that the Son Chart is an 1 earth-based /view of "the suh.'s movement across the 
„ ' skydome. . 9 
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The table below lists approximately now far above or 
below the equator the sun is on the twentieth day of 
each month. 





20th of,. 


A Degrees 




Jan: 


20 




Feb. 


...iv 




Mar. 







Apr, 


11 




M ay ■ 


20 




-■ June 


, 23 






21 






13 




Sept. 


. 1 




Oct. • 


-10.- 




Nov. 1 ■ • . 


-20 


i 

J ■ 


. Dec. ' 


- 23 



Fig. V-fc The sun as it appears from earth on the twentieth day 
■* » of each month. '' ® : , '., 
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The following sequence is a description of How a sun chart is developed. 
•It is included here >rxr provide' you with a visual understanding of -the sun's 

movement across the skydome. - ■ 

... ■ . ' • , * ■ ■ .: t 1 

Two» coordinates are needed to locate the position- of the sun ip the sky, They 
a re -ta I Led the altitude and azimuth (also eaNed the bearirfg angle).. 



X* ALTITODE angk 
Y'AZlMUTH angle 





Figi V-2: Altitude and azimuth angles 
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Altitude 



Sol an altitude is the angle measured between the "horizon and the position of 
the sun above the horizon. The horizontal lines q..n the chart represent altitude 
angtes in 10° increments above the horizon. 




■ j 




~<ea° 

i 

j Kf 

'■•■■■{ efr 

♦40° 



-j Xf 

- i 20° 

I 

■Arf 



Fig; V-3: Altitude angle. 
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Azimuth (bearing angle) 

Solar azimuth is the angle along ihv horizon of the position of the sun, 
measured to the east or west oi irue 1 south • 




3q. 



w 



i 



' v ^ e 45" 6 ° s * a 

Fig. V-4: Azimuth angle; ° , * » • 



W 



erf 



r » 
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Skydome (sky vault) ° 

The skydome is the visible hemisphere of sky, above the horizon, m all direc- 
tions. The gfiid on the chart represents the vertical and horizontal -angles ot the 
whole skydome- It is as if there were/a clear dome 'around the observer, and 
then the chart were peeled off of this dome,* stretched out and laid flat 

SUN CHART 




SKYDOME 



Fig. V-5: Skydome. 



*ln reality tJiis is not possible. The intention of the illustration.- is tt) present you with a visual' * 
image of therskydorne projected, onto a flat sheet. \ 
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Sun's Path 



By connecting the. points of the location of the sun, at different times through- 
out .the day, the sun's path for that day can be d , * 
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Monthly Paths 

Thus, we can plxjt the sun's path for any day of the year. The lines shown 
represent the sun's path for the twentieth day of each month. The sun's path 
is longest during the summer months when jt reaches its highest altitude, 
Vising and setting with the widest azimuth angle from true south. During the 1 
winter months the sun is much lower in the sky, rising arid setting with" the 
narrowest azimuth-angles from true south. . 




... Fig. V-8: Monthly paths 

■c 



o 

1 
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Times of Day ; 

Finally, if 'we connect the> times of day an each sun path we get a heavy dotted^ ' 
. line which represents the hours 6f the day. This completes Ahe Cylindrical 




■i \ ■'■ Cs»? 
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r ....... 

Note: The times on the sun chart are for sun time. This may vary from 
standard time by as much as 75 minutes for different locations and different 
times of the year. This Ts fine for most: practical uses of the sun chart. It's 
important to remember to af least use standard time (if daylight savings time 
is in effect, subtract 1 hour from local time) when -using the charts. For \\ery 
detailed studies, where it is necessary to know the exact relatipnship between 
sun time and local time, an explanation of the conversion process is provided 
later in this chapter. > , ■ ° . 



latitude and Magnetic Variation , 

Since* the sun's path varies according to the location on earth from which it 
♦ is being calculated, a different sun chart is required for different latitudes. Sun 
charts*!f6r latitudes in the United State's and southern Canada (28° to 56°NL) 
are provided in this section. The rnap in figure V-11 will assist you in selecting 
•the sun ehart (latitude) closest to your location, 

The m.ap-also shows magnetic compass variations tor your area. Becausefff the 
earth's magnetic field, it is a necessary to adjust your compass reading by a few 
degrees east or west to obtain true. north (as different from magnetic north). 
The amount of variation depends upon your location. Wheh true and magnetic « 
■ north are in the same location, the variation is zero. In the. United States a 
line of zero variation runs from the eastern end of Lake. Michigan to the 
Atlantic coast in northern Georgia. If you are located on the west side of that 
line, your compass needle will point to the east of true norih. This is called an,, 



\f - TRUE SOUTH 
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"easterly variation.'' Similarly, if you are located to the east of the line, your 
compass: needle vvilf point to; the. west of true north. This is called a "westerly 
variation." f or example, the map' shows a deviation of 14 1 /2° west for Boston. • 
This means that the compass is pointing 1472° to the west of true north", or 
Irue 3 north is 1472 ° to the east of compass-indicated north (true south is then 
1/4V2° west of compass southK Due to "local attraction," magnetic .variation 
■may be. slightly different for your locality. The map is accurate for most uses 
of the sun chart;* for more exact information^ consult a surveyor. 



The sun chart enables you to locate the position of, the .-sun at any time of, day, 
during any month, for any location within the United Stages (excluding Alaska) 
and sputhern Canada.' 



4 



40° NL 

TTTTTi *>' 




Fig. V-12: Cornp eted sun chart" 

~\ \ \ ■ ' 
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Sun Time 



As the earth orbits the sun, its. speed varies depending upon its distance from 
the sun. As we move closer to the sun, the earth slows down, and as we swing 
away from the sun, we speed up. This difference in the earth's speed is 
responsible for a variation between sun and earth time, since a man-made 
clock keeps time uniformly and does not take the earth's speed into account. 
From the sun<hart, you can see that sun time is measured by the position 
of the sun above the horizon, solar noon corresponding to the sun at its 
highest position and due south. Figure V-1 3 gives values for the "equation of 
time," or the difference between sun trme and earth clock time. The upper 
pari of the chart ( + ) gives values when the sun is ahead of clock time, and the 
lower part (-) when the sun is behind. 
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For the purpose of telling time, the earth has been divided in 24 time zones 
'(longitudinal segments) of 15° each (a total of 360 s .. or a complete circle) 
extending from the North Pole to the South Pole. This corresponds to 24 hours 
(1 hour for each 15° or 4 minutes for each 1 °) for the earth to. make one com- 
plete resolution about its axis. The time zones that affect the l|nited States and 
southernN^anada are eastern standard time at a longitude of 75°, central 
standard time at 90°, mountain standard time at 105° and Pacific standard time 
■* - at 120°. 

/\t any given location within the United States or Canada, sun time & found by 
starting with local standard time (if daylight savings time is in effect subtract 
1 hour from your local time). Since it takes the sun 4 minutes to move 1° 
longitude, a correction needs to he made between the standard time longitude 
line and your local longitude. Find your location on the map in figure V-14 
and subtract 4 minutes for every degree of longitude your location is west 
of your standard tirqe longitude line or add 4 minutes for every degree of 
longitude your location is east of it. The equation of time adjustment is then 
added to this corrected time to find sun time. 




Fig..V-14: Standard time zones of the United States. 

/ • 
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Then use this simplified equation to convert standard time to sun time: 

sun time= standard time + E + 4(L. t .-l k > < .) 

where: Ep the equation of time, from figure V-1 3 in minuses 

L. t = the standard time longitude line for your local time 
zone 

Lioe= the longitude of your location 

For example, what is the, sun titne corresponding to 11:30 a.m. centfal 
standard time on February 15 in Minneapolis? f 

To find sun time: 

1. Locate Minneapolis on the map. Its longitude is 93° whicVis in the 
•• central standard time zone with a standard r time longitude of 90°. 

Since fhe sun takes 4 minutes to move 1° longitude, the \last term in 
the equation is 4(90-93) or 4(-3) or -12 minutes. \ 

2, To correct for the time variation on February 15, the ebuation of 
time or E from figure V-1 3 is -14 minutes. Subtract another 14 
minutes from standard time to obtain sun time. | 

j sun time= standard time-.l^- 12. . ll . 

- swlime^TfTffili.rn.— 26 min. = 11 :04 a.m. j 



Plotting the Skyline 

' '.v<> 1 ' - 

To accurately determine the tifpes That direct sun is blocked from reaching any 
point on a site it is necessaiy to plot the obstructions as seen from that point. 
This is done by plotting the "skyline" directly on the-sun chart. *IY the skyline 
to the south is low'xvith no obstructions such as Hall trees, buildings or abruptly 
rising hills, the following procedure is unnecessary as all pomts on the site wiH 
receive sun during the winter. 

To plot the skyline, you will need either a transit or a compass (to find the 
azimuth angles of the skyline) and a hand level (to find the altitude angle of 
the skyline), and a copy of the sun chart for yoUF location. 

Next, place yourself at the approximate location on the site where you warn to 



The Tools 



put the building. Plot the skyline (from that point) on the sun chart as follows: 

1. Using the compass or transit, determine which direction is true south 
(remember magnetic variation; see fig. V-11). 

2. Aiming the hand level or transit true south, determine the altitude 
(angle above the horizon) of the skyline. Plot this point on the sun 
chart above the azimuth angle 0° (true south). 

3. Similarly, determine and record the altitude angle of the skyline for 
each 15° (azimuth angle) along the horizon, both to the east and 
west of south, to at least 120°. This is a total of 17 altitude readings. 
Plot these readings above their respective azimuth angles on the sun 
chart and connect them with a line. 




Fig. V-15: Plotting the skyline. 
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Fig. V-16: Plotting tall permanent objects. 

4 i; For isolated tall objects that block the sun during the winter, such as 
,talj evergreen trees, find both the azimuth and altitude angles for 
each object and plot them on the chart. 

5. Finally, plot the deciduous trees; irt the skyline with a dotted line. 
These are of special nature, because by losing their leaves in the 
wirtter they let most of the sun pass through as long as they are not 
densely spaced. . ' 

This completes the skyline. The open areas on the sun chart are the times when 
the sun will reach that pt>int on the site. ' 
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The Solar Radiation Calculator 

• ' * / 

In the design of passive solar beating and cooling systems fqr buildings, it fs 
important to know the amount of radiation or heat energy that strikes a sur- 
face on a winter-clear day, over an entire day, or at some particular hour. 

After making some basic assumptions about the nature of the atmosphere and 
the nature of reflecting surfaces', it is possible to- calculate \he amount of 
' radiation (sun's heat measured in Btu's) intercepted by a surface, on a clear 
- day/for any position of the sun in relation to that surface. A computer pro- 
gr&ri was developed * to plot all the possible positions of the sun where a 
square foot of surface would receive a fixed quantity of radiation, such as 
/ 50, 75 or 100 Btu's in one hour. Trie positions- of the sun, for each quantity, 
■/*" were connected and drawn as four illustrations, that follow, called solar radia- 
tion calculators, to fit and be used with the sun chart. 

The solar iri tensity masks' are used to determine the amount of heat energy 
striking a surface. The lines on the masks represent winter-clear day, hourly 
totals of heat energy (in Btu's) striking a square foot of surface. The mask 
marked "90°" is for vertical surfaces, mask "60°" for inclined surfaces of 60° 
(as measured from the horizon), mask "30°.'' for inclined surfaces of 30° and 
ma5k 7 "0 o ""for horizontal surfaces. 

Transfer the mask you choose to transparent material and use the "center 
axis" and "base ling" to align it wrtK the sun chart. In order to find the 
amount of heat in Btu's per square foot per hour intercepted by a surface 
facing in any direction, set the base line of the mask directly over the base 
line of the sun chart. Using a compass, determine the.direction that your sun- 
face faces to the east or west of true south. Keeping the base lines aligned', 
• shift the pointer of the mask to line up with the number of degrees (azimutr) 
angle) your surface faces to the east or west of true south. You are now ready 
to determine the solar intensity values for that surface." ,-f. 

Set the pointer ojrrthe mask to line up with 45° west on the base line of the 
sun chart. Be sure the base lines of both sheets are in line. The sun chart and 
^ mask are now aligned to read the solar intensity values. 



•Computer program was developed by Mark Steven Baker from solar radiation formulas found 
in the ASHRAE Handbook of fundamentals (1.972). < 
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Fig. V-18: Alignment example for a optical surface facing 45° west of south. 

Hourly Radiation Totals z 

To determine the winter-clear^day, hourly totals of heat energy, iri Btu's per 
hou^y&tftking each square foot of surface area: , *T 

1. " Select the proper mask based on the slope of, the surface (horizontal, 

30°, 60° and vertical). 

2. Select the proper sun chart for the latitude of your location (if your 
location is ir^between latitudes, choose the closest one). \ 

3. Keeping the base lines aligned, set the pointer (center axis) "of the 
mask on the, azimuth angle that the surface faces to the east or we>t 
of true south. - 

4. Select the month you want to take the reading and use that sun's path 
to read the values. 

• 5. Select the hour of the month in which yoa want the reading: the inter- 
section of the hour line, and the-jjun path will locate the position of 
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the sun. Read the number of Btu's for that sun's position from the 
radiation mask. If the point where you want the reading falls between 
radiation lines, interpolate to find the value. 

Note: Because the value of atmospheric moisture content varies greatly 
' across the United States, the solar intensity numbers need to be ad- 

- ^ justed depending upon your location. A correction called the Clear- 
ness Factor must be applied to the clear-day values. The map in figure 
V-19 shows lines of equal clearness for winter conditions. Find the line 
and corresponding Clearness Factor closest to your area and multiply 
it by the hourly solar intensity numbers from the mask. 




Fig. V— 19: Map of clearness adjustment facto/s. 
Source: "ASHRAE, Handbook of Fundamentals, 1972. 



Daily Radiation Totals * i 

To determine the total daily amount of heat energy striking a surface, simply , 
fallow the procedure for hourly totals for each hour on the sun chart and total 
these to get the daily total. .If the hourly totals have not b^eVi adjusted for your 
area, then adjust the dailjy^toial by multiplying it by the,appropriate adjustment 
factor from the map. \ " 
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SOLAR RADIATION CALCULATOR 

60° Tilted Surface Btuh/ft 2 
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The Shading Calculator 

Looking frpm a window, a shading device or any obstruction Jor, that matter 
(such v as'a tree or building) will block part of the skydome from view. To put 
it another way, the window will be in shade when the sun travels -across the 
obstructed part of the skydome. 

For any surface (such as a window^ or clerestory), skydome obstructions and 
shading devices can be graphically plotted to construct a shading mask. This 
mask, when superimposed over a sun chart, accurately determines the times 
that direct sunlight is blocked from reaching that surface. Since the masks are 
geometric descriptions of the shading characteristics of a particular device or 
obstruction, they are not dependent on latitude, orientation or time. Once 
plotted for.a particular device,- they, can be used over any sun chart. 

Shading devices can be grouped into three categories: the horizontal over- 
hang, vertical fin, and overhang/fin combination or eggcrate. The horizontal 
overhang is characterized by a shading mask^with a curved shadow iine 
running from one edge of the mask to the other; 
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SHADING CALCULATOR 

■ < 




Fig.'V-23: Shading calculator. 
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The shading masks are .independent of the size of a shading device, but instead 
depend upon the ratios generated by the dimensions of the device and the 
window. These ratios are expressed as the angle the window makes with the 
shading device. 

The shading calculator shown in figure V-23 will assist you in generating a 
shading mask. 

The curved lines that run from the lower right-hand corner of the calculator 
to thefTower left-hand corner are used to plot horizontal obstruction lines 
parallel to a window and the vertical lines on the calculator serve to plot 
vertical obstruction lines parallel to the window. 




SHADING CALCULATOR 



Fig. V-24 
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Plotting the Shading Mask 



Horizontal Overhang 

To construct a shading mask for a window with a horizontal overhang, 
fLrsLJieieimine the ^angleJrom a line pexfxendic4jiar 40 the-bttem of-tbe- 
window to the edge of the overhang (angle a), and the angle from the middle 
of the window to the edge of the overhang (angle b). These angles represent 
100% and 50% shading of the window. Then, using the shading calculator, 
draw in the shade lines that represent angle a and angle b. 
1 




'100% 
-50% 



SECTION 

Fig. V-25 

This completes the shading mask. The mask has a pointer and a base line for 
alignment With Fhe sun chart. Select the sun chart for your latitude, ' then 
keeping the base line of .the mask directly over the base line of the sun 
chart, shift thle pointer of the mask to line up with the number of -degrees 
(azimuth angle) yoyr window faces to the east or west of true south. -The 
window will bt completely shaded during the times that the sun is above the 
100% shading [line, and partially shaded (50%) at the 50% shading line. 
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Fig. V-26: Alignment example for a window facing 4.5° west of south. 

Although the mask plots 100% and 50% shading of a window, the procedure 
i can be repeated to generate a more complete mask which includes 25% and 
75% shading. 

-Vertical Fins 

There are basically two types of vertical fin shading devices: those that project 
out perpendicular from the face of the window and those that project out at 
an angle. To construct a mask for either device: ,/•-.- 
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First, determine angles a and b as shown in figure V-27. These angles represent 
the 100% shading lines. Then determine angles c and d; these represent the 
50% shading lines. From the base line of the shading calculator draw vertical 
lines that correspond to angles a, b, c and d. This completes the shading, mask. 
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Then align the shading mask over the sun chart to the angle the window faces 
to the east or west of true south. The window will be completely shaded 
, during the times the sun is outside of the 100% shading lines and partially 
shaded (50%) at the 50% shading lines. - >; ; 

Combination Horizontal Overhang/Vertical Fin 

To construct the shading mask for a combination horizontal overhang/vertfcal 
fin, simply combine th-e shading masks for each device. \ : 
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Performance Calculations 

So far, general rules of thumb for designing and sizing a passive solar-heating system 
have been given in the^form of patterns. The. patterns make it possible, to integrate 
passive solar conceptevwhen designing a building. They give enough detailed 
informatidnlo size a system that will function effectively. After a preliminary design 
for the building is corpplete, it is then possible to calculate the thermal performance 
of each space and make adjustments to the system, if necessary. 

The patterns give rules of thumb for sizing a system based on clear-day solar 
radiation'and average outdoor temperatures .fpr the winter months. Essentially, this 
sizing procedure balances the he'at fpstTrom a space (kept at 70°F) over the day with 
the energy collected from the sun (when shining) that same day. This condition is 
referred to as the design-day. Because design-day data have been used, it can be 
expected that the system will not perform as effectively under more severe 
conditions, although the massive nature of passive buildings tends to moderate the 
effects of weather extremes. It is reasonable to expect that a sizing procedure for the 
worst possible winter weather conditions is usually not practical. To do that would 
Tesult in spaces that are uncomfortably warm during periods of normal sunny 
weather and would lead to a design that is oversized, and most likely uneconomical 
to build. For this reason, some form of back'-up heating system is desirable in /nost 
passive solar heated buildings. Due to the complicated nature of energy flows in a 
passive building, calculating system performance h a difficult and tedious process, 
usually recfuiring the use of a computer. However, byxcompjessmg ""'this process into a 
few relatively simple calculations, it was found that ofojy a small degree of accuracy 
wa^ajcrjfice4^5^^ the most sophisticated calculation procedures are subject 
to error due to the large number of unpredictable variables associated with passive 
systems (such as occupant space use, interior furnishings and surface colors, 
estimating infiltration rates)^ this simplified procedure is appropriate for most 
small-scale applications of passive systems. 
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There are, six steps involved .in calculating a system's performance: 

1. Calculating the rate of space heat loss. 

2. Calculating space heat gajn. * * 

3. Deterrnining the average dailyindoor temperate. 

4. Determining the daily indoor temperature fluctuation, 

5. Calculating the auxiliary space heating requirements. 

6. Determining the cost effectiveness of the system. 



Step 1. : 

Calculating Space Heat Loss in Winter 

The quantity of solar ^energy needed" by a space in winter is dependent upon/the 
hourly rate of heat loss through the exterior skin of .the building. Heat is lost through 
' the skin of a building by two metbods: heat, loss through the walls, floor, roof and 
windows (conduction losses) and the heat loss through the exchange of warmed 
indoor aif with cold outdoor air (infiltration losses). The total space heat loss is then 
the sum of the conduction losses p|usthe infiltration tosses. In calculating heat loss, it , 
is necessary to compute the hourly rate for each space in .the building separately. 

The hourly rate, when divided by the floor area of the space and then multiplied by 
* 24 hours, gives ari overall space U value expressed in Btu's per'day per square foot of 
'flWai£a'per°F (BtJ/day-sq fW^: ' < M 



Utp = f^seLx 24 hours 



This is a convepieri^ figure to use when calculating indoor air temperatures and the 
yearly contribution of splar energy. 



(ift is rea'sbnable to expect- thatthe overall space U value for a well-insulated residence 
will fee between. 6 and 12 Btu/day-sq ft fr °F, and for a greenhouse between 20 and 
40 Btu/day-sq ft t ,^F.' Table 1-1 is included here to provide you with a quick ancj 
easy method of arriving- at~U ip . The table should be used for- estimating purposes 

,,orily. For a description of detailed heat loss calculations, see -the professional- edition * 
of The. Passive Solar Energy Book or the ASHRAE Handbook ol fundamentals. 
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Table 1-1 Short-Cut Heat Loss Estimating 



. Space' 


WindoWj^ * 
Crazing Details 


'Overall Space Heat Loss' 
,U„ (ttu/day-sq hV°r~) 




■ Space w/ 

-T ; a Thermal Space Adjacent 



Direct^CaiiL Storage— — ^frarrAttached^ 

System* Wall System 4 Greenhouse 1 



2 or More 
' 1 Exposed Exposed 
q Wall Walls 



. First-floor space 
\w/ heated- space at>ove 



Single glazing 8.1 • 12.2 

Double glazing or 
single glazing w/ 

insulating shutters- 5.6 • 8.9 



7.2 



5.5 



6.6 



4.9 



Upper-floor spaco 
or one-story-type 
space 



Single glazing 

Same as above but 
a 1. 1/-2 -story- high 
space 

Double glazing or 
single glazing w/ 
insulating shutters 

Same as above but 
a 1 1/2-story^bigh 
space 



8.9 



12.4 



'13.0 



18.1 



8.0 



12.5 



, / 



6.4 



9.1 



9.7 



•137 



6.3 



9,9 



7.4 



11.9 



5.7 



9.2 



NbfES: 1.* VaTues apply to~a well-insulated space with 3 Ml to 6 inches of insulation in the walls, 
a 6 ihches or more in the ceiling, 3 1/2 inches or jnpre under floors above grade or 2 inches of 
perimeter insulation for a slab on grade. {' 

: * ' I ■ - v - . 

2. Accuracy is believed to be within 15%; th*£*ab^ estimates only. 

3. Arei of glazing is roughly 20 to 3©% ojjhe space floor area.. 

4. Assumes no heat loss through" the thermal wall. 

.5. Assumes ho heat loss through the common wall between the space and greenhouse.. 
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Step 2. / 
Calculating Space Heat tiain in Winter - 

Heat Cain Formulas 

• Direct Solar Heat Gain (HC sol ) — All of the sunlight transmitted through a window 
Is collected by a space, as heat. However, the amount transmitted through each 
square foot of glass depends upon many factors, such as the location or latitude of the 
building, the orientation of the window, the number and type of window glazing 
used, an'q 1 the shading of a window by nearby obstructions,, 'including shading 
devices. 

Appendix 6 lists daily totals of clear-day, solar heat gain (l t ) transmitted through 
double glass-at various latitudes and window orientations. To calculate solar heat 
gain, first select the proper table for your location. For instance, at 40°NL, if a vertical 
window is oriented due south, the solar heat gain through a square foot of unshaded 




Fig. 1-1: Methods of spaee heat gain. 
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double pane glass during the month of January is 1,41.5 Btu/day or 1 ,506 x .94 (6% I 
absorption Idss) = 1,415. Knowing the solar heat gain through one square foot of » 
window, the heat gain through an entire section of window (HGso,) is calculated 
using the following equation: 

HG^ — A | x | t x 

* 

where* A., = surface area of the unshaded portion of the glazing in N 
- "square. -feet - 

; " | t = solar ' heat gain through one square foot of glazing in 

Btu/day 

One important note: This formula is used to calculate the direct solar heat gain in a 
space including greenhouses, attached or freestanding. The solar heat gain for 
glazing used with a reflector will be greater than the value given for l t . Appendjx 7 
gives the percentage of enhancement of solar heat gain for different latitudes and 
reflector/collector tilt angles. 

• Heat Gain from a Thermal Storage Wall, Roof Pond or Attached Greenhouse' 
(HG t^— The heat gain into a space from a thermal storage 'wall, roof pond or 
attached greenhouse (HG, m Kan be calculated using the following formula: ft . 

HC tm = A,i x I, x P „ • • 

where: A B , = surface area of the unshaded portion of the glazing in °] 2\ 
square feet " . S 



I, = solar heat gain through °one square foot of , glazing jn 
* Btu/day 

" • ' # *v 

P = the percentage of incident energy on the face of a thermal 
wall or roof pond that is transferred to the space 

Values of P for double-glazed thermal, storage walls (black exterior wall surface 
color) and roof ponds are plotted for a variety of conditions in figure 1-2. To find the 
value of P, first determine tfie ratjo_.QLtherrr>al wall or roof pond area to space floor 
ama^Fjr^i^^ with a 1 0O-square^oof concrete thermal 

wall has a ratio of 1 00/200 or 0.50. Then, from .50 on the horizontal scale, follow a 
vertical line until it intersects the curve for the overall U value.(Ui p ) of the" space you 
calculated. in Step 1, Calculating Space Heat Loss in Winter. From this inTerce^on" 
move horizontally to the left and read the percentage of energy transmitted through 
the "wall on the vertical scale. If, for example, the 2CtMuare-fodt space had arc 
overall U value of 6 Btu/day-sq ft-°F, then P will equal 35% or 0.35. When using 
rrjpyable insulation over glazing at night, add 5% to the value of P. 

' ■ : ' 313 



15% 







20 



50 60 70 80 90 100 



ratio of tharmal wal area to floor i 



CONCRETE THERMAL STORAGE WALL (1 FT THICK) 




* . so 100 m 

ft..-; «•• 

- ratto or thrmal wy^fwato floor .araa ("'^SBi) ^ 

WATER THERMAL STORAGE WALL AND. ROOF POND (ANY THICKNESS) 

Bg. 1r2; Percentage of incident energy transferred through 
thermal storage walls and roof /ponds. 



314, 



Note: Graphs are plotted for storage walls With a black exterior 
surface color. . "V „ «' 



Appendix 1 



For a space adjacent to an attached greenhouse, the percentage of energy transferred 
through the common wall is difficult to predict because of the many variables 
involved in heat transfer between the spaces. In this case, only a very rough estimate 
can be given. Table 1-2 lists values of P for common w|fs constructed of either 
masonry or water. Select a value based on the overall °r t ate of heat loss (U sp ) 
calculated for the greenhouse in Step 1. 

TaWe .1-2 Percentage* of Energy (P) Transferred through the Common Wall 
between an Attached Greenhouse and Adjacent Space 

Rate of Heat loss . 
from the Greenhouse C>ne-Foot-Thick Water Wall 

U„ (Btu/day-sq ft t r°F) Concrete Wall 1 (all thicknesses) 

24. 2Z%~ . 30% 

36 ' 17% 24% 

' 48 14% 21% 

"V . * „_ ... . . ;_. "" 

NOTE: *For estimating purposes only. These percentages apply to a well-insulated space with a heat loss of 
6 to 8 J3tu/day-sq fV°F, and a thermal wall : to-glass-area ratio of approximately 1 to 1. The 
greenhouse side of the thermal wall is assumed to be a dark color, and in direct sunlight-. If the wall 
is shaded or not in direct sunlight, the value of P will be considerably less. • 



Calculating Heat Gam ' * 

To find the total daily solar heat gain for each space, first establish the design-day 
conditions. An average sunny January day is a reasonable condition to illustrate a 
system's performance. For a Direct Gain System, using clear-day January values for 
solar heat" gain through glass (l t ) from Appendix 6, calculate the heat gain through 
each unshaded skylight, clerestory and window opening: 

HG,oi = It x A fl i 



The.total space heat gain, in Btu's per day, is simply the sum of these values. 

And, similarly, calculate the. space heat gain, in Btu's per day, from a thermal sioxage- 
wall, roof pond or wall adjacent to an attached greenhouse. 

HGtm — 't x A,| x P „ 



When more than 0ne System provides heat to a space, add the heat gains from each 
.system to arrive at 1 tb^ tQtal^pace hear gain. 
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To convert the total space heat gain into units that are convenient to use (Btu/day-sq 
ftfi) simply divide HG^ and HG tm 'by the floor area of the space: 



lj^I HC M | HG tm 

nlj M ' h 



whier-e: HG SP = total space heat gain per square foot of floor area 



Step 3. 

Determining Average Indoor Temperature * 

After 1 to 3 days of' similar weather conditions (clear or cloudy days in a row) a space 
will stabilize as a thermal system. This means that temperatures in the space remain^ 
roughly the same from day to day. Finding the daily average space temperature for 
this condition is relativeJy^st^aightforwarG^ • * _ ^ 

Using the rate of space heat loss (U sp ) and daily heat gain (HG SP ) calculated in Steps 1 
and 2, the average daily indoor temp^rattjre^iyfoTiTRt by dividing HC SP by U 8P and 
adding the result to the average daily outdoor temperature (tj* for the design-day. 

. HC SP 

! : - ' = TT^ + *° 1 

where: HG SP =. rate of space heat gain in Btu/day-sq ft,, 
.) U sp - rate of space heat loss in Btu/day-sq ftn-°F 
= average daily outdoor temperature 



v. 



Remember that this calculation must be done for each space. The^use of January 
clear-day solar radiation and temperature data is recommended as input, however, 
"average indoor temperatures can be found for any month. Simply use solar heat gain 
and outdoor/temperature data for the month you want to calculate. 

"Figure l -3 presents a simple graphic method for calculating the average daily indoor 
temperature. Knowing the rate of space heat loss (U sp ) and daily heat gain (HG SP ), the 
gtSph— c^-Jiellused —to— dereFrnine the-numSeFof ~degrees~the average^ mdoor 



*Average daily outdoor temperatures (y for each month are given in Appendix 4. 
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temperature will be above the average otrtdt^pr temperature: Suppose, forexampte, a 
space located in New York City (average january temperature, 35°F) has a heat loss of 
8 Btu/day-sq ft, r °F and.a daily heat gain in January of 300 Btu/day-sq ft,,. To 
determine the average/Indoor temperature for this c^dition, first follow a vertical 
line from 300 on the horizontal scale (HG sp ) to whereNr intersects the curve that 
^represent* the overall U value of the space (U sp = 8). FromH.his intersection draw a 
straight line to the scale on the left and read the number otMegrees the average 
indoor air temperature will be above the average outdoor temperature; + 38°F or, 
simply, the average indoor temperature is 35°F + 38°F or 73°F. \ 
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Fig. 1-3: Determining the average indoor temperature". 
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Until now only the heat gain from passive systems (the, sun) has been con- 
sidered. However, heat from lights, people and equipment caKbe considerable. In 
certain building types, like theaters and educational facilities, thiVheat gain is very 
complex and will not be discussed here. In a residence, though, these^sources of heat 
are intermittent and do not appreciably affect indoor temperatures over the day. To 
account" for this heat gain, add 2° to 4°F to the average daily indoor te.m x perature. 
Although the average temperature will be slightly higher over the day, the nighttime 
low temperature in the space will not be affected since there is very little activity in a 
residence during the late evening and early morning hours. 

Because. of the complicated nature of building design, there is no ideal average 
indoor temperature, but as the average -temperature approaches 70°F, enough heat is 
admitted into a space to supply it with all its heating needs for that day. If the average 
indoor temperature is too low, it can be raised by reducing the rate of space heat loss 
(U sp ),Nincreasing trie area of south-facing glass or supplying heat to the space from an 
auxiliary heating system. •• 



Step 4. 

Determining. Daily Space Temperature Fluctuations 

V 

Having a good idea of how a system will perform on a sunny winter day, the air 
temperature fluctuations in the space over that same day can now be determined. A 
space may have different heating requirements at various times of the day," depending 
upon occupant use. An office, for example, should be kept at about 70°F during 
working hours, but at nrgtef, when the space is not in use, it can be kept at a much 
lower temperature. It is, therefore, important to know at what time, and by how 
much, the indoor air temperature will swing above and below the daily average. In 
this way a system can be designed to meet the thermal requirements of a space. 

. The^ffect of thermal mass on indoor temperature fluctuations is explained at length 
for Direc^ain Systems in MASONRY HEAT STORAGE! 1 1 ) and INTERIOR WATER 
*WALL(12), foKThermal Storage Wall Systems in WALL DETAILS(14), for spaces 
adjacent to an attached greenhouse in GREENHOUSE CONNECTION(16), and for 
attached or freestandirtg^reenhouses in GREENHOUSE DETAILS(20). But since 
' indoor temperature fluctuatibnsare not always symmetrical about the daily average 
(an ecfual number of degrees aBove and below the average), a series of graphs 
* plotting hourly temperatures for a variety^sfsystems (figs. 1 -4, 5, 6, 7 and 8) is included 
in this appendix. To determine hourly indbortemperatwres for a design-qay, first 
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select the graph that corresponds to your system. Then, using the average indoor 
temperature that you calculated in Step 3 as a reference point, plot the number of 
degrees the indoor air temperature is above or below the average for each hour. 

Direct Gain System 

• Masonry Heat Storage — Since the relationship between sunlight and thermal mass 
greatly influences indoor air temperatures, two cases, each representing a different 
relationship, are presented, in figure 1-4. Choose the case that most clearly rep- 



CASE 




2 34 5 6 7 B *9 t) n 12 1 23456 78910 " 12 

PM 



Fig. 1-4: Hourly indoor temperatures for direct gain systems ' 
with masonry heat storage (here and on next page). 
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resents the way sunlight interacts with masonry located in the space. A graph cor- 
responding to each case gives hourly indoor temperatures above and below the 
daily average (t|) for four masonry materials. If a space falls between the^two cases, 
then- interpolate between the graphs plotted for each case. Also, it is probable that a 
space may not be constructed of just one material. Therefore, when more than one 
material is used, for example, concrete walls and a brick floor, take the herfjrly 
temperature somewhere between the values given for each material. 
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• Interior Water Wall — In the case of an interior water wall, the volume of water in 
direct sunlight is the major determinant of space temperature fluctuations over the 
day. Figure 1-5 plots indoor temperatures for various quantities of water per square 
foot of south-facing glass. To commute this value, simply take the volume of water 
(cu ft) in the space and divide it by the area of south-facing glass (sq ft). One important 
note: The surface of the water wall is assumed to be a dark color. If the wall is painted 
a light color, then air temperature fluctuations in the space will be higher than those 
given. , " 



♦2tfF 




Fig. 1-5: Hourly indoor temperatures for direct gain systems 
yvith various volumes of water storage per square 
foot of south-facing glass. 
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Thermal Storage Wall System and -Spaces Adjacent to an At^ched Greenhouse' 

The material used to construct a thermal storage 1 wall and the thickness of the wall 
are the major influences on indoor air temperature fluctuations, Figure 1-6 graphs 
indoor^air temperatures for various thicknesses of four commonly used wall 
materials: concrete, brick, adobe and water. Daytime temperatures can be increased 
above those indicated on the graphs if warm air from the greenhouse or face of a 
masonry thermal wall is allowed to ci/cTjIate Into the space. However, nighttime 
temperatures in the space will remain the same. Notice that maximum-and minimum 
space temperatures are reached, at different times of the day for different thicknesses 
of wall. * • . 



average indoor 
temperatire (t,) 




CONCRETE WALL 



Fig. 1-6: Hourly indoor ( temperatures for thermal storage 

walls of various thicknesses (here and next two pages). 



Note:. Temperature fluctuations will be less if additional mass is 
located 'in the space, i.e., a masonry wall and floor. 
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Roof Pond System . 

Space temperature fluctuations for" a Roof,P6nd System are proportional to the depth 
of the pond. As the depth increases, the fluctuation decreases. Rigure 1-7 plots hourly 
indoor temperatures for various depths of roof ponds. , . 



*2CfF 



avtraga 'Moor 




-acfF 



Fig. 1-7: Hourly indoor ternperatures for roof ponds of various 
• ■• depths. 

Note: -Temperature fluctuations wjll be less if additional mass is 
" located in' the space, i.e., a masonry floor. 



Greenhouse (attached or. freestanding) - <= 

• Solid Masonry Walls and Floor— In a greenhouse* constructed of solid masonry 
walls and/or floor, many factors influence indoor temperate fluctuations. The rate 
of greenhouse heat " loss, the area of south-facing glass and the type of masonry 
, material all contribute to the extent of greenhouse temperature fluctuations. All this 
implies that iris virtually impossible to generate a simple graph to predict indoor 
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hourly temperatures. In this case, the daily range of indoor fluctuations for various 
greenhouse conditions can only be estimated— GREENHOUSE DETAILS(20). 



• Water Storage Wall— Since a greenhouse is essentially a 'Direct Cain System, the 
quantity of water in the greenhouse (in direct sunlight) largely determines the indoor 
temperature! 'fluctuations. Figure 1-8 graphs hourly indpor temperatures for various 
quantities of water (cu ft) per square foot of south-facing greenhouse glass. The 
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fig* 1 -8: Hourly greenhouse temperatures for various volumes 
a, of v^ater;storage per square foot of south-facing glass. 
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^exposed surface of the water wall is assumed to be a dark color and in direct sunlight 

most of the clay. <?--.' ° 
v - • > \ - ; • 

''C3n» final word about indoor temperature fluctuations. Figures 1-4 through 8" plot 
hourly temperatures for a space with no additional thermal mass other than that 
indicated far the system.. >f additional mass is located in a spatfe, then fluctuations 
will be" less than those graphed. For .instance, a space constructed of lightweight - 
materials (wood frame) with an 8-inch Thermal Water Wall System will have a daily 

y^fnperature fluctuation of approximately 1 2°F (from fig., 1 -6). If the entire space were 
constructed of masonry. materials (w$lls and floor), then the daily fluctuation might 
be only 5° or.6°F. As a general rule, additional thermal mass distributed'in ^space 
will reduce indoor temperature fluctuations from those indicated on the graphs. 



Step 5. 

Calculating Auxiliary Space Heating Requirements 

The auxiliary energy -required to heat a space is the amount needed, in addition to 
that provided by the solar system, to keep the space at a desired temperature (usually 
70°F). The auxiliary energy requirement (Q^ ux ) is estimated on an annual basis for.- 
the entff^building.Mt cah be calculated by the equation: ° ° ..^ f . 

■ -z r"„ , *•' Qaux = Qr year — Qc year * 



" where: "Q r wr - annual space heating requirements in Btu f s 
Oc year ~ annual solar heat^g contribution ia Btu's 



Annual Space Heating Requirements (Q r ^ 

To determine the annua^space heatirtg requirements iri° a Btu's, multiply the overall 
space U value by th.<§ floor area of the space and the number of heating degree-dfltys* 
for the year: \ ^ " a - J • 

■ Qr'y«r = 0* X A floor X DD^ 



'V 



" , 'Experience has shown that the heating requirements of a space^.kept at approximately 70°F is directly <-*■ 
proportional to the ; ; riumber of degreeVtlje- average 'daily qutside temperature. falls bebw erF^The^ - 
degree^day is based on this fact. Thus, menumber of degree^daysperday'is the number of degrees the ^ ■ 
v '■ average outdoor temperature is below 65°-ff or, to put it another way, the number of degree-days for a 
given day equals 65°F minus' the daily average outdoor temperature. The^umberof degree-days,' 
longer period of time is then the sum of the degree-days for each day in that^perjod^- ; 
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where: U sp = rate of -space heat loss in Btu/day-sq ftf\-°f 

Afioo,. = floor area of the space in square feet -* 

o . : ' ■ 

DO year = degree-days per. year •'•> °' - * 

■ - • i a 

Degree-days for major cities in.Ufilted States and Canada are given in Appendix 5. 



Annual Solar Heating Contribution (Q c year ) for Thermal Storage Walls, 
Roof Ponds and Direct Gain Systems* \. 

Three computations are necessary to determine trie annuatso'lat heating contribution 
for passive systems: N 

a. Calculating the Space Load Collector Ratio ""v 

b. Determining the fraction of the total yearly space he\trng requirement 
supplied by solar energy ° o 

c. Computing th\e annual solar heating contribution in Btu's. 

• a'. Load Collector Ratio (LCR) 

The LCR is calculated by the formula: 



LCR 



solar collection area (sq ft) 



where: U sp = rate ofspace heat loss in Btu/day-sq ft„-°F 
o -j. ^ (exclusive of the south glazing) 

'■ ' ' ' °'v ' 

" I ' <Afioor - floor area of the space in sq ft 

■* - > 

solar collection area = the actual solar, collection ajperture 

• b. Fraction of the Totah Yearly Space Heating Requirement Supplied by Solar 
Energy (ShfF)— Table 1-3 lists by city the estimated fraction of the totaj yearly space 
heating requirement supplied, by solar energy (SHF) for properly sized water and 
masonry thermal storage walls, roof ponds and direct gain systems, with and without 
night insulation (R= 1 0). Ilocate the city and system type of interest in the table. If the 
J.CR calculated above is exactly one of the values listed in the table, then read the 
corresponding SHF. If the UCR does not exactly match one of the values iisted, then 
„ interpqjate between the two closest values.' — ^ — "7" 

• 'Adapted, from J, D. Balcomb and R. D. McFarland, "A Simple Empirical Method for Estimating the 
Performance of a Passive Solar Heated Building of the Thermal Storage Wall Type." Proceedings of the 
Second National Passive Solar Conference, Philadelphia, March 16-18, 1978, 
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• c Annua/ Solar Heating Contribution (Q c year ) in^Bttfs— To compute the annual 
solar heating contribution in Btu's, multiplyj^ year by the fraction of the total yearly 
space heating requirement supplied by solar energy determined in the- previous 
computation : 

Qc year = Qryear X SHF 

% ':•'.! 



Table 1f3 Fraction of the Total Yearly Space Heating Requirement Supplied by Solar Energy 

i.i 

DD = degree-days TW = masonry thermal storage wall (Trombe) 

WW = water wall, roofj pond or direct gain TWNI = masonry thermal storage wall (Trombe) 
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Step 6. - 
Determining Cost Effectiveness* 

: V. . v .' ■ V - . , ;■■ .. ' • . " ... " 

The important economic consideration 'when designing a passive solar heated 
building is the trade-off between the cost of extra thermal- mass and movable 
insulation (less the installed cost of the conventional construction it replaces) and the 
future-: cost of the fuel saved by the system over its lifetime. Operating and 
maintenance cost must also be included; however, for most passive systems this cost 
is negligible. The cost of solar heat can be estimated by the following formula: 

('solar \ annual operating 

system x capital recovery I + and maintenance 
. cost factor / ■'-■.. cost 



cost of solar heat = 



annual solar heating contribution (Q c year). 



♦Adapted from Losj^aj^es^Tentifjc : Laboratory, Pacific Regional ScLlarJi^p&MaodboqL ERDA^San 
franciseo; California, ,1976. 
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The capital recovery factor is -determined from bankers' tables or. formulas.- It is" 
t defined as-the-value of eapKal^e-theTrjdividljal. It may be the interest rate that your 
money, would earn if you invested it, or the annual' cost of a loan made to finance the 
extra cost of the passive system. For example, the'capital recovery factor of a, 10% 
30-year loan is 0.106. 

\. ' " • ,. ' v 

To illustrate the use of- the formula, if yve assume, for example, that 

\ ~" ^ J ■' . . 

» —tHe passive solar heating system costs $5,000 above installed "conventional 
construction costs, 

—the capital recovery factor is 0.106 fof a 30-year loan at 10% interest, 

— the operating a^nd maintenance cost for the system is $25 a year, and 

, — -tlWmnual solar heating contribution is 100 million Btu's, 



from the formula, the eost ofsolar fyeat is then: 



. ... ($5,000 x 0.106) + $25 
cost of solar heat = 



V 



100" million Btu's 



,= $5.55 per million Btu's. 



This figure does not take into account considerations tha t would make the cost less 
expensive, such as tax incentives, deduction of interest payments andNbusiness 
'depreciation, or considerations that can wake it more expensive, such as property tax 
evaluationi increases and fuel cost deductions (business expense). 



Another method for calculating the cost effectiveness of a system is the nomograph in 
figure .1-9. This method allows for the ? miprease in future annual fuel costs to be 
. included in the procedure. By plotting toe cost of the system, the annual projected 
*a.i increase^ in energy costs, the annual solar heating contribution and the cost of 
4^^entionaKfuel, ihe nomograph computes the break-even time on the system's 
•• .initial .cost, "-r-""' - ^ - l * 
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1. Begin with installed total solar system cost, 
expressed in terms of $/sq ft of collector. 
(Example: $6/sq ft) 

2. Intersect line representing estimated average 
, annual increase in cost of alternate fuels. 

(Example; 10%) 

3. Intersect line representing the amount of collected 
solar energy which is utilized in the building, 
expressed in Btu/sq ft of collector/year. ^ 
(Example: 200,000) 

4. Intersect line representing the cost of alternate fuels 
expressed in cents/kwh. v 

(Example: Gas at 1 .0 cent/kwh) 

5. Read the number of years to break even on the 
initial investment. 

(Example: 5 years) 



/ / Based on 8% interest, 1% maintenance/year. 

Fig. 1-9: Solar system cost nomograph. * 

Source: Adapted from GSA, "Energy Conservation Design Guidelines 
for Nevy Office Buildings," 'as quoted by P.O. Maycock in 

"Solar Energy: The Outlook for Widespread Commercializa- 
tion of Solar Heating and Cooling," ERDA; ^ 
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Table 1 -4 Capital Recovery Factors 
Interest Rate 



5W% 



7% 



8% 



10% 



12% 



15% 



1 

2 
' 3 
4 
5 

6 

7* 
8 
9' 
10, 



T.055 00 
0.541 62 
0.370 65 
0.285 29 
0.234 1 8 

0.200 1 8 
0.1 75^96 
0.157 86 
0.143 84 
0.132 67 



1 .060 00 
0.545 44 
0.374 11 
0.288 59 
0.237 40 



1 .070 00 
0.553 09 
0.381 05 
0.295 23 
0.243 89 



11 


0,123 57 


0.126 79 


0.133 36 


12 


0.1 1 6 03 


0.119 28 


0.125 90 


13 


0J09 68 


0.112 96 


0.119 65 


14 


0.104 28 


0.107 58 


0.114 34 


15 


0.099 63 j 


0.102 96 . 


0.109x79 


16 


0.095 58 


0.098 95 


TO. 105 86 


17 


0.092 04 


tf.095 44 


0.102.43 


18 


0.088 92 


0.092 36 


0.09941 


19 


0.086 15 


0.089'62 


0.096 75 


20 


0.083 68 


0.087 18 


. .0.094 39 


21 


0.081 46 


r 

0.085 00 


• / & 
0.092 29 


22 


0.079 47 


0.083 OS* k 


0.090 41- 


23 


0.077 67 


0.081 28" 


\1088 71 


24 


0.076 04 


0.079 68 




25 


0.074 55 


0.078 23 


,0.0#81 



26 

27 ' 

28 r 



^0.073 19 
... 0.071 95 
070 81 



0.076 90 
•0.075 70 
0,074 59 



0.084 56 
0.083 43 
Ot 082 3 9 



1.080 00 
0.560 77 
0.388 03 
0.301 92 
.0.250 46 



0.203 




0.209 80 


0.216 32 


"0.179 




^0.185 55 


0,192 07 


0.161 


04 " 


a 167 47' 


, 0.174 01 


0.147 


02 


0353 49 


- 0.160 08 


6.135 


87 


0.14\38 


0.149 03 



, 0.140 08 
) 1 32 70 
N^26 52 

o\mi 30 

0.i\\b3 



1.100 00 
0.576 19 
0.402 11 
0.315 47 
0.263 80 

0.229 6f v 
0.205 41, 
0.187 44 
0.173 64 
0.162 75 

Q. 153 96 
0.146 76 
0.140 78 
0.135 75 
Orl 31 47 




0.112? 
0.109 6 ( 
0.106 7(j 
0.104 13 
0.101 85 

0.Q99 83 
0:098 03 
0.096 42 
0.094 98 
0.093 68 

0.092 51 
0.091 45 

-07090-49- 



0.1 1 5^2, 
0.114 01 
0.1 12 57 
0.111 30 
0.110 17 

0.109 16 
0.108 26 

-crroT-^T 



29 
30 

31 
32 
33 
34 
35 



0.069 77 
0.068 81 

'l _ : ? ' 

0.067 92 
0.067 10 
0.066 33 
0.065 63 
0.064 97 



.0.073 58 
^ 0.072 65 

0.071 79 
0.071, 00 
0.070 27 
0.069 60 
0.068 97 



0.081 45 
0.080 59 

0.079 80 
0.079 07 
0.078 41 
0.077 80 
0.077 23 



0.089 62" 
-0.088 83 

0.088 1 1 
0.087 45 
0.086 85 
, 0.086 30 
" 0.085 80. 



0.106 73 
0.106 08 

0.105 50 
.0.104 97 
Q,! 04-50- 
ofl 04 07 
0.103 69 



1.120 00 
0.591 70 
0.416 35 
0.329 23 
0.277 41 ■ 

0.243 23 
0.219 12 
0.2pi 30 
0.187 68 
0.176 98 

0.168 42 
0.161 44" 
0.155 68 
0.150 87 
0.146 82 

0.143 39 
0.140 46 
0.137 94 
0.135 76 
0.133 88 

0.132 24 
0.130 81 
0.129 56* 
0.128 46 
0.127 50 

0.126 65 
0.1 2^ 90 

0.124 66 
0.124 14 

1.123 69 
0.123 28 
0.122 9-2 
0.122 60 
0.122 32 , 



1.150 00 
0.615 12 
0.437 98 
0.350 27 
0.298 32 

0.264 24 
0.240 36 
0.222 85 
0,209" 57 ■ 
0/199 25 

0.191 07 
0.184 48 
0.179 11 
0.174 69 
0.171 02 

0.167 95 
0.16537 
0.163 19 
0.161 34 
0.159 76 

0.158 42 
0.157 27 
0.156 28 
0.15543 
0.154 70 

0.154 07 
0.153 53 
n 153. 06.f~ - 

0.152 65 
1 0.1 52 30 

0.152 00 
0.151 73 
0.151 50 
0.151 31 
0.151 13 
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2 

ix 

Percentage of Solar Radiation Absorbed by 
Various Surfaces 

(Figures ^are expressed as the percentage of the, intensity of solar radiation striking the surface.) 

Reflective surfaces 0.20 

For white, smooth surfaces . 0.25 to 0.40 

For grey-to dark grey : 0.40 to 0.50 

For green, red and brown 0.50 to 0.70 

For dark brown to blue . . > 0.70 to 0.80 

For dark blue to black . -. 0.80 to 0.90 



345 



Appendix 



Average Daily Solar Radiation 

.1. Average Daily Radiation on a Horizontal Surface 
for Various Locations in North. America (in Btu/day-sq ft) 



January 



February 



March 



April 



May 



Albuquerque, N. Mex. 

-Lat. 35°03'N 



1150.9 1453.9 1925.4 2343.5 2560.9 

/ 



Annette Is., Alaska 

Lat. 55°02'N 



"236.2 



428.4 



883.4. 



1357.2 1 634.7 



Apalachicola, Fla. 

Lat. 29°45'N *" j>f 



1107 



'1378.2 



1654.2 



2040.9 : 2268.6 



Astoria, Oreg. 

Lat. 46°4 2'N . 



338.4 



60/ 



1008.5 1401.5 



1838.7 



Atlanta, Ga. 
Lat. 33°39'N 



848 



1080.1 



1426.9 



2618.1 




Barrow, Alaska 
Lat^7i°20'N 



13.3 



143.2 



713.3 



Bethel, Alaska 
Lat. 60°47'N 



142.4 



404.8 1052.4 1662.3 1711.8 



Bismarck, N. Dak. 

Lat. 46°47'N 



587.4 



934.3 1328.4 1668.2 2056.1 



Blue Hill, Mass. 

Lat. 42 13 A N 



555.3 ° 



797 



1143.9 



1438- 



1776.4 



Boise, Idaho 

Lat. 43°34'N 



518.8 \ 884.9 < . 1 280.4 ; 1814.4 



2189.3 



Boston, Mass. 

Lat. 42°22'N 



505.5 



738 



1067.1 1355 



1769 



Source: -/ntermed/afe Property Standards for Solar Heating and Domestic Hot Water, National Bureau of Standards, 
Washington, D.C. r - 
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June July August September October - November December 
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15 


19^.2 
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1 ■■. - . 
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751.6 


'2055.3 * 


1602.2 


953.5 
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1>8.4 

1 ' 


152.4 


22.9 


J ■ = 


1698.1 


1401.8 


938.7 


" 75^; . 


430.6 


164.9 


83 


2173.8 


2305.5 


1929.1 


144 lj. 3 

I 

i 


1018.1 


600.4 


464.2 


1943.9* 


• 1861.5 


1622.1 


1314 


941 


592.2 _ 


: .... 482.3 



' - T ' 8" 

23.76.7 ,' 2500.3 ' 2140.4 1717.7 1128.4 678.6 456.8 



1864 1860.5 1570.1 1267.5 ~~~~896.7 535.8 442.8 
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January 


February 


March 


April 


May 


Brownsville, Tex\ 

1 -it IVKK'Y^i ' 

Lai. zd dd in 


1105.9 


1262.7 


1 5Q5.9 


.,1714 


2092.2 


Caribou, Maine t* 

Lat»' 4b 3/ IN 

1 


497 

' ; - --/ 


861.6 


'1360.1 


1495.9 


1779.7 


Charleston," SC. 

i_at. Jz 54 rsr 


/' 946 1 


• 1152.8 


1352.4 


1918.8 

i 
I 


2063.4 


Cleveland, Ohjo<""^ - 

L3t. /ti^^f IN 


466.8 


681.9 


' 1207 * 


1443.9 


1 928.4 


Columbia, Mo. 

Lat. JO^O IN 


651.3 


941.3 


. 1315.8 


1631:3 


1999.6 


Columbus, Ohio. 

Lat. 4UUU N 


486.3 


746.5 


1 '1112.5 


^480.8 


1839.1' 


Davis, Calif. 

Lai. Jo ii IN 6 r 


599.2 


945 

h 


1504 


1959 


2368.6 


Dodge City, Kans.. 

1 at T7°AA'M 
Lat. J/' *tO IN 


953.1 


■ ■ 11863 


. 1565.7 


1975.6' 


2126.5 


East Lansing, Mich. 

■Ldl. .*ri *Pt IN \ 

\ - \ 1 


425.8 


739.1 

> 


1086 


1249.8 


1732.8 


East WarehaVn, Mass. 

T A 


504.4 


762.4 


1132.1 


1392.6 


1704,8 


Edmonton, Alberta 

l --it ^1 3CM ° \ ' ; 
L3l. D.J JD fN . ~~ 

' ■ " , Y \ x 


, 331.7 


652.4 


1165.3 


" 1541.7 


19PQ.4 


El Paso< Tex. ~" 

1 at 3 ISAflTKl 1 
LdU^i-H^o^rN 

■ .v r 


1247.6 


1612.9 


2048.7 


2447.2 


2673 


Ely, Nev. \ 

Lat. 39°17'N \ \ ''»■ 


871.6 ' 


1255 


1749.8 


2103.3 


2322.1 


Fairbanks, Alaska \ 

Lat. 64°49'N • \ \ 


66 


283.4 


* 860.5 
* * 


-1,481 .2 


1806.2 


. " ■ 'A. 
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211 1 ' 
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795.6 


550.5 


, 2459.8 
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. 2210.7 


1841.7 
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473.1 
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1 958.3 
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1607.4 >* 

' j 
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9.96.7 
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19J4.4 


1964.9 


1528 
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413.6 


245 

i 


2731; 


2391.1 


2350.5 


2077.5 


1 704.8 


1324.7 
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1 2649 


2417 


2307.7 


*1935 


1473 


1078.6 


814.8 


. 1970.8 


1702.9 


1247.6 


699.6 


323.6 


104.1 


20.3 
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911.8 

j 


1223.6 


. 1640.9 


1866.8 


2061.2 


Madison, Wis. 

.Lat.43 q 08 , N . / 




/" 


564.6 


8.12.2 


-1^32.1 

/ ( 1 


1455.3 


1745.4 


Matanuska, Alaska 

Lat. 61°30'N | 






1 1 9.2 


.345 
* 


— . 


1327.6 ' 


1628.4 


Medford, < 

Lat. 42°23'N 


3reg. 




, 435.4 


- :-. T 804.4 


1259.8 

-> * 

I t-" 7..', 


1807.4 


2216.2 


Miami, Fla. 

Lat. 25°47'N 




1 


292.2 , 


1554.6 . 


1828.8 ! 

i 


: 2020.6 


2068.6 


Midland, Tex. j-, ' ;V 1 

Lat. 31°56'N . . 


066.4 


1345.7 


r— f — > 

1ZB4.8 ; 

' . / 


2036,1 


2301.1 


Nashville, Tenn. 
Lat. 36°07'N 


■ 


589.7 


907 


•{7 
1244-8 

— 


1662.3 


1*997 
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■0 

June 


July 


August 


September 


October 


November December 


2492.2 


2438.4 


21 20.6 


1712.9 


1301.8 


837.3" 


694.8 


2799.2 


2524 


2342 


2Q62 
. - r 


, 1602.6 


'1190 


964.2 


2041,7 


1990.8- 


m3679 


1469.4 


1015.5 


639 


531 




224A5 - 


2064.9 


1775.6 - - 


- 1315.8 

8 




681.5 


2040.6 


2011.4 


.1902.6 


1543.5 


1215.8 


773.4 


64312 


2091 .5 


2081.2 


1938.7. 


1640.6 


1282.6 
- 


913.6 


701.1 * 


2272.3 


2413.6 


2155.3 


1898.1 


1*372.7 


1082.3 


901 .1 


2259 


2428.4 


2198.9 


1891.5 


1362.3 


1053.1 


877.8 


















2031.7' . 


2046.5 


1 740.2 - 


———1^.9 ' 


993 


555.7 

i 

i 

— 1 


495.9 

- / 

V 
y 


- 1727.6 


1526.9 


1169 


737.3 


373.8 


142.^ 
, — j- 


56.4 


_ 2440.5 


2607.4 


2261.6 


1672.3 


.1043.5 


558/7 

■ ' '"1 ■ ■ ' . 
, / — 


346.5 


1991.5 


1992.6 


\ 1890.8 


'- 4646.8 


1436.5 


132"/ 

/ 


1 183.4 


•2317.7 


2301 .8 


2193 


" 1921.8 , 


1470.8 


1244,3 

I 

i 
j 


1023.2 


2149.4 ^ 


2079.7 


18( 




i2.7 


1600.7 


1223.6 


"> 823.2 


614.4 




L - - . 


k 








/ ■ 
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• January 


February 


March 


April 


May 


Newport, R. 1. , 
Lat. 41 29 N 


565.7 : '~ 


856.4 


1231.7 . 


1484.8 


1849 ^ 


New York, N. Y. 


-539.5 


790.8 


1 1 80.4 


1426.2 


1738.4 


Oak Ridge, Tenn. 

Lat. 3b Ul IN 


604 


895.9 


1241.7 


1689.6 


iy 

1942.8 


Oklahoma City-, Okla. 

Lat. J5 24 N 


.' 938 


1-192.6 


15343 ■« 


1849.4 


2005.1 


Ottawa, Ontario - 

Lat. to zu rs r 


539.1 


852.4 


1250.5 


1506.6 


1857.2 


Phoenix, Ariz. 

1 ~t *5 "JOT £. ' 1 

Lat. 33 2b N 4 


1126.6 


1514.7 


1967.1 


2388.2 


2709.6 


Portland, Maine 

Lat. 43 39 N 


565.7 


874.5 


1329.5 


1528.4 


1923.2 

i 


Rapid City; S. Dak. 
Lat. uy in 


687.8 


1032.5 


• 1503.7 


1 807 


2028 


-Riverside, Calif. -" > 

Lat. J J b/ (N 


999.6 

V 


1335. 


1750.5 


1943.2 


2282.3 


St. Cloud, Minn. 

Lat. 4 J J 3 IN 


632.8 


976.7 


1383 


1598.1 


1859.4 


Salt Lake City, Utah 

Lat. 4U 4b IN 


622.1 


986 


1301.1 


1813.3 


— 


San AntoniOyJe^ 
Lat. l^l'H^f 


1045 


1299.2 


1560.1 


1 664.6 


2024.7° 


Santa Maria, Calif. 
Lat. 34!5ipL.. 


983.8 


1296.3 


, 1805.9 


2067.9 


2375.6 


Sault Ste. Marie, Mich. 
Lat. 46°28'N 


488.6 


843.9 


1336.5 


1559.4 


1962.3 
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3'" 


June 


lutv 


August 


- September 


' October 


NnvMnhn* 


LFCt-cinuvrr 


2019.2 


1942.8 


1687.1 


1411.4 


1035.4 


656.1 , 


527.7 


1934.1 


1938.7 


1605.9 


1349.4 


977.8 


598.1 


476 


2066.4 


1972.3 


1795.6 


1559.8 


1194.8 ' 


796.3 


610 


2355 . 


2273.8 


2211 


1819.2 


1409.6 


1085.6 


897.4 


2084.5 


2045.4 


1752.4 


1326.6 


826.9 


458,7 


408.5 


2781.5 


2450.5 


2299.6 


2131.3 


. 1688.9 = 


1290 


. 1040.9 


2017.3 


2095.6 


1799.2 
i - 


1428.8 


1035 


591.5 


507.7 


2193.7 


2235.8 


2019.9 


1628 


1179.3 


763 J 


590.4 


2492.6 


2443.5 


2263.8 


X 1955.3 


1509.6 


1169 


979.7 


2003.3 


2087^ 


1828.4 


1369.4 


890.4 


545.4 


463.1 


— 




/ — 
/* 


' * — 


1689.3 


1250.2 


— 


552.8 


814.8 / 

/ 

/ 




2364.2 


2185.2 


1844.6 


• 1487.4 


1 104.4 


954.6 


2599/6 


2540.6 

■ 


2293.3 


1965.7 


'1566.4 


1169 


^ 943.9 

j 


/2064.2 


2149.4 


1767.9 


1207 


809.2 


392.2 


/ 359.8 



T 
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J January February < March April May 



Sayville, N. Y. 


602.9 


936.2. 


1259.4 


■■ — %s — 

1560.5 


1857.2 


Schenectady, N. Y. 

Lai. t/ jU l^i 


488.2 


753.5 


1026.6 


1272.3 


1553.1 


Seabroa.k, N: J. . ; 

1 at 'W^fVIM 
L.al. j j JU 1^1 

' ' ' > ., ' . 


591.9 


854.2 


1195.6 


1518.8 


1800.7 


Seattle, Wash. 

1 a t 47°97'NJ •» ' 


282.6 


520.6 


992.2 v 


1507 


1881.5 


Seattle, Wash. 

tat 47°1fi'N 


252 


471.6 


917.3 


1375.6 


1 664.9 


Spokane, Wash. 

1 at 47°40'N ■ - 


446.1 


837.6 


\ J200 


1864.6 


2104.4 


State College, Pa. 

1 at 4n°4R'N 


rni o 

5U1 .0 




1 J,(J6.6 


1 ftfl 

39y.2 


1 "7 C A C 

I 754.6 


Stillwater, Okl& 

1 at 1fi°nt)'N 


763.8 


1081.5 


• 1463.8 


1702.6 


1879.3 


Tarn pa, Fla. 


1223,6 


1461.2 


.," 1771.9 


2016.2 


£228 


fat 27°SS'N '■'«•- 












Toronto, Ontario 

Lat 43°4TN i 


451.3 


''• "674.5 


-H ; 

1088.9 


1388.2 


1785.2 


Tucson, Ariz, * 

lat 3? fi7'N 


1171.9 

) . . .' ■ 


1 1453.8 




2434.7 


— . ■ 


Upton, N Y. 
Lat. 40°52'N 


583 


872.7 


1280.4 


.1 609.9 


1891.5 

9' 


CWashington, D. C. (WBCO) 
Lat. 38°5TN " ° 


632.4 

A-' . 


901,5 


- 1255 


1 60O4 


1846.8 


Winnipeg, Man. 

Ltt. 49°54'N - 


. 488.2 


• 835.4 


1 354.2 


1 641 .3 


1 904.4 



356 . .- : - 
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June 


July 


August 


September 


October 


November 


December 


2^23.2 


2040.9 


'1734.7 


1446.8 


1087.4" 


697.8 * 


533.9 


1687.8 I 


1662.3 


1494.8 


1 124.7 


820.6 




356.8 


1964.6 


1949 8 


1715 


1445.7 

* a. 


1071 .9 , 


721.8 


522.5 


1909.9 


. 2110.7 


1688.5 


121 1.8 


702.2 


386.3 


239.5^ 


1724 


1805.1 


1617 


1 129.1 


638 


. 325,5 


218.1 


2226.5 


2479.7 


2076 


151 1 


844.6 


q 486.3 . 
— ? 


279 


2027.6 


1968.2 


\ 1 690 


1 336.1 


1017 


. 580.1 


443.9 


• 2235.8 


• 2224.3 


2039.1 . 


1724.3 


1314 


991.5 

9 


783 


2146.5 


1991.9 


1845.4 


1687.8 


1493.3 


•1328.4 


1 119.5 


1941:7. 


1968.6 


1622.5 

■. / 


1284.1 


835 . 


458.3 


352.8 


2601.4 


2292.2 


2179.7 


2122.5 


1640.9 


1322.1 


1132.1 


2159 

B 


2044.6 


^789.6 


147-2.7 


1102.6 


686.7 


, 551 - 3 


2080.8 


1929.9 


1712.2 


1446.1 


1083.4 


763.5 


594.1 


1962 


'V 2123.6 


' 1761.2 


1 1 90.4 


767. '5 

o 


444:6 


345 
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2. Horizontal to Vertical Conversion 

V 

Average solar radiation values generally available in tables and maps are measured 
oh a horizontal surface; however, the values required for passive solar calculations 
are the actual solar energy transmitted through vertical south-facing glass. The 
following formula can be used to convert horizontal incident solar energy to the 
amount of energy transmitted through two sheets of vertical south-facing glass: 

solar energy transmitted solar energy incident on 

through south double glass a horizontal surface 

where: F = conversion factor from the following graph: 



GRAPH OF CONVERSION FACTOR (F) month 
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The conversion factor (F) is the ratio ef-the monthly solar radiation transmitted 
through vertical south-facing double glazing to the monthly total horizontal solar 
radiation. For vertical single glazing use 1.213 (F) and for vertical triple glazing 
use 0.825 (F). 

- For glazing pther than vertica l or at orientations different than true south, a correction 
to the value" calculated must be made. It is recommended that the clear-day radiation 
tables in Appendix 6 be used. To establish a Correction Factor (CF), use the following 
formula: 



, -■ . cleatday transmitted radiation for 

tilt and orientation of glazing 

CF = — : - - 

clear-day transmitted radiation 

for vertical, south glazing 

^ ±_ 

"Next^ multiply the average solar radiation value transmitted through vertical glazing 

by the Correction Factor. _ = - ■ 

. C3> . ^ — ^ — 

* , ... ■ 

SOURCE: Adapted from J. D. Balc6mband RC D. McFarland, "A Simple Empirical Method for Estimating the 
Performance of a Passive Solar Heated Building of the Thermal Storage Wall Type," Proceedings 
of the Second National Passive Solar Conference, Philadelphia, March 1 6—1 8, 1 978 (Washing- 
ton D.C.: U.S. Energy Research and Development Administration, 1978). 

' '' 4, 1 
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Appendix 

\ Average Daily Temperatures 
(°F) in North America 



* - - \ 


January 


February 


March ^ 


April 


May 


\ Albuquerque, N. Mex. 

\Lat. 35°03'N • El. 5314 ft 


_____ 37.3 


43.3 


50.1 


59.6 


69.4 


Annette Is., Alaska 
Lat. 55°02'N • El. 110ft 


35.8 


37.5 


39.7 


^ 44.4 


51 .0 












76.4 


Apalachicola, Fla. 

Lat. 29°45'N • El. 35 ft 


- 57.3 


59.0 


62.9 


69.5 


Astoria, Oreg. 

Lat. 46°12'N • El. 8 ft 


41.3 


44.7 


46.9 


51,3 


55.0 


Atlanta, Ga. 

Lat. 33°39'K • El. 976 ft 


47.2 


49.6 


55.9 


65.0 


73.2 


Barrow, Alaska 

Lat. 7T°20'N • El. 22 ft 


-13.2 


-15.9 


-12.7 


2.1 


20.5 


Bethel, Alaska 

Lat. 60°47'N • El. 125 ft 


9.2 


11.6 


14.2 


29.4 


42.7 


Bismarck, N. Dak. 

Lat..46°47'N • El. 166Q ft 


12.4 


15.9 


29:7 


/ dA A 
/ HD.D 


JO.D 


Blue Hill, Mass. 

Lat. 42°13'N • El. 629 ft 


28.3 


28.3 


36.9 


46.9 


58.5 

f 


Boise/ Idaho 

Lat. 43°34'N • El. 2844 ft 


29.5 


36.5 


45.0 


53.5 


62.1 


Boston, Mass. 

Lat. 42°22'N • El. 29 ft 


31.4 • 


31.4 • 


39.9 


49.5 


60.4 


SOURCE: intermediate Property Standards for Solar 
Washington, D.C. 


Heating and Domestic Hot 


ter, National 


Bureau of Standards, 
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I 'I- 



June 



July 



August 



September October /November December 



79.1 



82.8 



80.6 



73.6 



* <62.1 



47.8 



/ 39.4 



56.2 



58.6 



59.8 



54.8 



48.2 



41.9 , 37.4 



81.8 



83.1 r 



83.1 



80.6 ~ ( 73.2 



63.7 



58.55 



59.3 



62.6 



63.6 



62.2 



55.7 



48.5 



43.9 















a 
















80.9 


82.4 


81.6 


77.4 


66.5 „r 


S4.8 


— * » — 

47.7 


3 J 5.4 


' "41.6 


■ • 40T0 


31.7 


18.6 


.2.6 * 


- 8.6 






i 










rl - 

.55.5 


56.9 


54.8 


47.4 

D 


33.7, 


19.0 


9.4 


67,9* 


76.1 


/3.b 


61.6 


49.6 


31.4 


18.4 

, -a 
















. 67.2 




■ 70.6 


64.2 


54.1 [ 


43.3 


31 .5 


69.3 

i 


79.6 


77.2 


66.7 


56.3 


42.3 ' 


33.1 


v. , 69.8 

. — 


74.5 


73.8 


• 66.8 


57.4 


• 46.6 


B 34.9 




















' ^ 'i 

. '■ ■ . \ 




( • 

/ 

. i 


i. 
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January 


February 


March 


April 


May 


Brownsville, Tex ; 

Lat. 25°55'N *EI. ?0 ft 


63.3 


66.7 


70.7 


76.2 * ' 


81.4 


Caribou, Maine 

Lat. 46°52'N • El. 628 ft 


11.5 


. 12.8 


24.4 


37.3 


51:8 


Charleston, S. C. 

•Ut. 32°54'N •£(• 46 ft „ 


' 53.6 


55.2 


60-. 6 


67.8 


74.8 


Cleveland, Ohio 

Lat. 41°24'N • El. 805 ft 


30.8 • 

n 


- 30.9 


39.4 • 


50.2 


62.4* 


Columbia, Mo. .,''„. 
Lat. 38°58'N • El. 785'ft 


32.5 


36.5 c 


45.9 


57.7 


■ 66.7 


Columbus, OHio 

Lat. 40°6o'N • El. 833 ft 


32.1 


33.7 


42.7 


53.5 • 


. 64.4 


Davis, f Cal if. 

Lat. 38^33'N »EI. 51 ft ," 


' 47.6 

V J 


52.1 


56.8 


63.1* 


69:6 


Dodge City, Kans. * 

Lat. 37°46'N • El. 2592 ft 


33.8 * 


38.7- 


• 46.5 


! 57.7 


66.7. 


East Lansing, Mich. 

La^2°44'N ^El. 856 ft 


26.0 


26.4 


35.7 


48U • 


59.8 


East vVarertam, Mass. 

Lat. 4J°46'N • El. 18 ft 


32.2 


31.6 


39.0 


48.3 '■ 


58.9 . 


Edmonton, Alberta 

Lat. 53°35'N • El. 2219 ft 


10.4 


14 


; r 26.3 


42.9 


' -55.4 


El Paso, Tex. 

Lat. 31°48'N «EI. 3916 ft 


47.1 


- 53.1 


. 58.7 


67.3 


75.7 


Ely, Nev. 

Lat. 39°17'N • El. 6262 ft 


27.3 

■ o 

i" 


-J2.1 . 

x$ ■ 


39.5 


48.3 


57.0 



Fairbanks, Alaska : / - 7.0 " 0.3 > 13.0 ' 32.2 . 50.5 

""Lat. 64°49'N • El. 436 ft . J ^ • • ' * 

jt ~- — : . , — — ■ , 
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June 


July 


August 


September 


October 


November 


December 


85.1 


86,5 


86.9 


84.1 


78.9 


70.7 


6'5.2' 


61.6 


67.2 


65.0 


56.2 


*44.7 


31.3 


16.8 


80.9 T 


82.9 


82.3 


79.1 


69.8 


5"9.8 , 


• 54.0 




72.7 ' 


77.0 


75.1 


68.5 


57.4 


i 

44.0 


u 32.8 


75.9 


81.1 ; 


79.4 


71.9 


61.4 


46.1 - ; 


35.8 

; m - • 




78 


"75.9 * 


= 70.1 


58 


44.5 


34.0 . 


75.7 


'*%.•'. 


79.4 


76.7 


67.8 


57 


- 48.7 . 


77.2 ; •• 


83.8 

..X 


82.4 


.. .73.7 


61.7 


46.5 


36.8 


70.3 


■ 74.5 


72.4 


65.0 


53.5 


40.0 • -i 


1 29.0 e ° 

* *■ 


67 5 L " 


' 74.1 


72.8 


65.9 


56 


46 




61*3 . 


66.6 


63.2 . 


54.2 . 


44.1 


26.7 




84.2 


84.9 


i 

- 83.4 


78.5 


69.0 • 


56.0 


48.5 


65.4 ' 


74.5 ; ' 


.72.3 


■ 63.7 


52.1 ' 

} 


39.9 


• 31.1 


62.4 


£3.8, 


58.3 


. 47.1 


,29.6 


5.5 


6.6! 
< 




V 








r 
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1 1 „ ... - * 

• ■ . -9- -C 


January 


February 


March 

_ —L . 


April 


May 


, — -y— rr 

F^ort Worth, Tex. :°. 

Lat.' 32°50'N •<£!. 544 ft ' 


48.1 

' • v. 


52.3 


1 59.8 

/ 


68.8 


75.9 


' — ■ ■ 1 1 o ; — r- ■" 

Fresno, Calif,, 

Lat. 36°46'N • E). 331 ft 


"*•», - 

. 47.3 

\ 


53.9 


59.1 


,65.6 


73.5 


. Gainesville, Fla. 

" ' Lat. 29°39'N •El.' f 165 ft 


i 62.1 

i 


63.1 


67-5 ■ 


' 72.8 ^ 

- 


79.4 t 


Glasgow, Mont. . 
Lat. 48°13'N • El. 2277 -ft 


]3.3 


17.3 


31.1 

f 


-" ' "47.8 - 


~-r59.3 


Grand Junction, Colo. 

Lat. 39°07'N '* El. 4849 ft 


26':^\ 


35.0 


44.6 


* ■ 

55.8 


66.3 


Grand Lake, Colo. 

' . Lat. 40! 1S!N-. • EL8389 ft 


18.5 ' 

f 


23.1 


28.5 


39.1 

* 


•48.7 


Great Falls, Mont. 

Lat. 47°29L'N »EI. 3664 ft. 

Y ' * " . 1 


25.4- . 


; 


35.6 


47.7 


57.5 


-L ; •— — 

Greensboro^ N, C. 

lat 36°05'N • El. 891 ft ' 


•42.0 

i 


44.2 „ 


51.7 

i 


60.8 . 


. '69.9 


■. ..\ \ ' ■ " 1- r- 

\ Griffin, Ga. 
V Lat. 33°J5'N « El. 980'ft . 


48.9 


51.0 

y 


59.1, 


66.7 


74.6 


• Hatteras, N. C. 

LaU35°13'N • El. 7 ft 


49.9 


■ 49.5 


54.7 


61.5 


* 69.9, 


K .i-A- — : — - 

. Indianapolis, Ind. 

Lat^39 44'N • El. 793 ft 


31.3 


33.9 


43.0 


54.1 


64.9 


Inyokern, Calif. -•' 

'~ / ^Lat. 35°39'N • El. 2440 ft 


47.3 


53.9 


— 59. 1 


65.6 


73.5 


\ Ithaca, N. Y. 

Vat. 42°27'N • El. 950 ft 


27.2 


26.5 


, 36 


. . 48.4 




Lake Charles, La^ 

Lat.\30 6 13'N - El. 12 ft 


553 

. „ .-J - 


58,7 


63,5 


70.9 


77.4 
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7 , 



June ' 


July : 


August 


September 




November 


December 


84 .,0 


87.7 


88.6 

T 


81.3 


'-J1..5 : 


58.8. 

-i 


50.8 


80.7 


87.5, o. 
! ' 


84.9 

Mi 


78.6 


68.7 ' 


.573 • 

/. 


48.9 . 


83.4 " 


.83.8 


: P* 

84.1 


, 8:2 


75.7 


67.2 

« 


; 62.4 


67.3. 

) 


76 


73.2 


61.2 

i' ' , / 


'49,2 


31.0 


18.6 

( 


757} 


82.5 


79.6 

< \ 


■ L 
- 71.4 


58.3 


V "'42.0 


„ . / 
. 31\4 


56.6 


62.8 


61.5 \ 


55.5 


I 45.2 


30.3 


,22.6 


64.3 


73.8 


71.3 - 


60 : 6 r^- 


5i.4 


38.0 -• 


29.1 


f*— ; — - 

78.0 " ' 


80.2 ,i 


78.9 


73.9 


62.7 •• 


51.5 ' 


,43.2 


81.2 


83.0 

.13 


82,2 


78\4 


68 


57.3- . ■ ■ ■ 


' 49.4 . 
__j ^_ 


77.2 

■ t 


80.0 


79.8 


76.7 


,^67.9 

v. 


. '" ^ 
59.1 : r e 


51.3.^ 


74.8„ 


79.6 


' 77.4 7 . 


70.6* 1 


59.3 


- 44.2 


33.4 


.80.7 

. -J 


.-•-87,5 


v 84.9 v 


78.6. 


68.7 


57.3 . 


48.9 

■:<j~: 


68.9 S 

' ' i 


73.9 


71.9 


64.2 


53.6 


41. '5 


29.6" 



. — _ 1 ■ ' )! '■ - , ■ — " n — ^ — : ... ■ — ^ 

83.4' 84.8, -85 81.5 . 73.8- 62.6 | " : • 56.9^ 

' . . /' " - f ' ■;•...( _v v 



-'/. 

/' 
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January 



February 



/ 

^March 



April 



May 



'Lander, Wyo. 

Lat. 42°48'N • El. 5370 ft 



20.2 



26.3 



34.7 



45.5 



56.0 



Las Vegas, Ney 




47.5 



53.9 



60.3 



69.5 



78.3 



Lemont, III. 

Lat. 41'40'N • El. 595 ft 



28.9 



30.3 



39.5 



49.7 



59.2 



Lexington, Ky. 

Lat. 38°02'N • El: 979 ft 



36.5 



38.8 



47.4 



57.8 



67.5 



Lincoln, Nebr. 

Lat. 40°51 'N • El. 1189 ft 



Littje Rock/ Ark. 

Lat. 34°44>N • El. 265 ft 



27.8 



32.1 



42.4 



55.8 



65.8 



44.6 



48.5 



56.0 



65.8 



73.1 



p6s Ahgefes, Calif. (WBAS) 56.2 
Lat. 33°56'N • El. 99 ft 



56.9 



59.2 



T 



61.4 



64.2 



Los Angeles, Calif. \(WBO) 
Lat. 34°03'N • El. 99 ft \ 

' \ 



57.9 



59.2 



61.Q 



64.3 



67.6 



Madison, Wis. 

Lat. 43°i)a'N »EI. 866 ft 



21.8 



24.6 



\ 



49.0 \ 




61.0 



Matanjjiska, Alaska 
Lat. 6r30'N • El. 180 ft 



\ 13.9 

V, • \ 



2K0 



5G//3 



Medford, Qre&> 

Lat. 42°23'N • El. 1329 ft 



39.4 



45.4 



63.1 



Miami, Fla. 

Lat. i5°47'N'« El. 9ft" 5 



71..6 



72.0 



73.8 \ 



77.0 



79.9- 



"Midland, Tex. , 

fUV31°56'N •JEL 2854 ft 



47.9 



52<B 



60.0 



u 

68.8 



► 77.2 . 
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November December 




-65,4 \ 7 



70.8 1 


, 7 


3.6 


74.3 


67.2 


; .57.6 • 


43.0 


30.6 


76.2 


7 


3.8 


78.2 


72.8 


,1c, 

61.2 


47.6 


38.5 


.76.0 8 


2.6 „ 


80. r 2 


71.5 


59.9* / 

' •■ -'/ 

/ 


43.2 


31 .8 


76,7 


• 85,1 , 


84.6 


78.3 


" • /' 

bi.y 


54.7 


46.7 


66.7 , . 

1 

»- 


69.6 


70.2 


/ .69:1 


~ 7^ 

^ / / 66.1 

/ 


62.6 


58.7 
— : — 


70.7 \ 

i 


: ^ — 

'* 75, r 8 ' 


76.1 


^ 74.2 


-. \ .> 69.6 • 


65.4^ 


V 60.2 


70.9 i 


76.8 


74.4 


65.6. 


/ 53.7 


' 37.8 . ' ■ 


25.4 


- 57.6 '"~ 






58.1 


50.2, 

■41 /■ ■ ' 


' 37.7 , 


22.9 


,1,3.9 


69.4 


76.9 • 


v 76.4 


, ; 6 l 9.6 


58.7 


47,1 

* • ■■-i 


40.5 




84.1 


— *f ,■ - Vi> 

84.5 -4 


< 

83.3 


\ 80.2 

/ 

i / 


s 

75.6 ; ' 


72.6 


83.9 


85.7 


85.0 


s 78.9* 


" « 70 -3 


56.6 


K 49.1 



>Y 80.1 83.2 ^ 81.9 



76.6 



65.4 



52.3 



44.3 
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January 


February 


March 


April 


May 


Newport, R. |. 

Lat. 41°?9'N • El. 60 ft 


29.5 • 


32.0 


3.9^6 


48.2 * 


58.6 


New York, N. ( 'Y. 
Lat. 40°46'N • El. 52 ft 


% 35.0 


34.9 


43.1 




52.3, 


63.3 


Oak Ridge, Tenn. 

- Lat. 36°01'N • El. 905 ft 


41.9 


44.2 


51.7 






61.4 


69^.8 


Oklahoma City, Okla. 
. Lat. 35°24'N • El. 1304 ft 


40.1 


45.0 
. 


53.2 


63.6 


71,2 '* 


Ottawa, Ontarra . 

• Lat. 45°20'N • El. 339 ft- 


14.6 


15.6 

* 


27.7 


* 


57.5 


Phoenix, Ari-z. 

Latj. iB°26'N • El. 1 1 f 2 ft 

i 


54.2 


58.8 


64.7 


■J* 

72.2 ' \ 




Portland, Maine 
La,t;7t3 a 39 T M"« El. 63 ft 


.23.7 • 

. ~ - - 
. i- - ■ i 


24.5^ ' 


34.4 


44.8 


55.4 


Rapid City, S. Dak. 

^^^J^t^^y^te*^. 321 8 ft ' 


24.7— • 


' 27.4 


34.7 


48.2 


58.3 


v Riverside, Calif, « 

Lat. 33°57'N • El' 1020 fr 
'■ , " ' / r— r 


55.3 


57.0 


60.6 




65.0 


t ■ 
69.4 


• v St Cloud; Minn. 
' Lat. 45°>S'N • E*l. 1034 ft 

" / " 1 — — 


- 13.6 ' 


16.9 . 


29.8 




46.2 


58.8. 


■ Salt Lake City, UtaK 

//at. 40°46'N • El. 4227 ft 


29.4 ^ 


36.2 


44.4 


i 


53.9 

- ■ 




/ - : . jj 

./ San Antonio, Tex. 

• Lat. 29°32"'N • El. 794 ft ' 


53.7 


58.4 


65.0 v 


72.2 


79.2 


Santa Maria, Calif. ! 
Lat. 34°54'N • El. 238 ft 


54.1 , , 


55.3 






59.5 


61.2 


Sault Ste. Marie, Mich. 

. Lat.<46°28'N«El.,724 ft 


16.3 


16.2 


, 25.6 


i 


^ 39 - 5 ■'. 


. 52.1 

- 1 



f 368 . 
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\ 



June 


lul% 


, August 


September 


October 


November 


December 


67.0 


73=2 - 


72.3 


66.7 


56.2 


46.5 


34.4 


72.2 




' 7,5.3 

- 


69.5 

1 . 


59.3 ■■■ 


48.3 


37.7 


77.8 


>Jt80.2~ 


78.8 


74.5 


62.7 


. 50 r 4- 


42.5 


80.6 


85.5' 


85.4 


77.4 


66.5 


52.2 


43.1 




"'fl.9 


69.8 


61.5 ^ 

/ • 


48.9 


35 


19.6 

/ ' 


89.2 


- 94.6 


92.5 ' * 


y 87.4 

• 


75.8 


63.6 


1 567 


. 65. r 


71.1 --^ 


^69.7 


61,9 \ 


51.8 


40.3 


28.0 


67.3 


.^763- 


75.0 


64.7 


52>, 9 


38.7 


29.2 




81.0 


' 81.0 

y . 


78.5 


71.0 


63.1 • 


57.2 


68.5' 


74.4 t 




62.5 • 


50.2" 


32.1 


18.3 


7,1.7 


81.3 


79.0 

• 


68.7 


57.0 


.42.5 


34.0 1 


85 .p 


87.4 


87.8 


82.6 

■v— Lt ~ 


74.7 


63.3 


. 56.5 

t ■ 


63,5 


65.3 

- " 


65.7 


65.9 / . 


64.1 

\ , 

^ ' - 


60.8 


56.1 ..... 

-T 

\ 

> « 


61.6 


*67.3 
1 — 


66.0 


57.9 

<K V 


46.8 \ 

\ 


33.4 


ri — : "■ 

\ "21 .9 


\ ' 

\, - 


■J - ' l S . ".' ■ 




p 

ft «■ - 

"->■>' » 


- t 1 . 
\ * 

' \ 

\ 
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• 9 
\ 


i 




1 




January 


Ff*hriiArv 

1 vUl Ual j 


\ 


AprH 


May 


Sayville, N. Y. 

Lat. 40°30'N • El. 20 ft 


35 


34.9 


43.1 


52.3 


63.3 


Schenectady, N. Y. 

Lat. 42°50'N • El. 217 ft 


24.7 ■ 


24.6 - 


34.9 


483 


61.7 


. 1 

Seabrpok, N. J. 

Lat. 39 o 30'N • El. 100 ft 


v *39.5 


*- 37.6 ' ( 


43.9 


64.7 


64.9 


Seattle, Wash. \ 

Lat.47°27'^ • El. 386 ft 


42.1 ' 


45.0 


48.9 - 


-54.1 


59.8 

J 


Seattle, Wash. 

LaL • El, 14 ft 

■ T i 


38.9, 


42.9 


46.9 


51.9 


58.1 


I 

Spokane, Wash. ^ 
Lat. 47°40>N • El. 1968 ft ~ 


26.5 


31.7 


40.5, 


49.2 


57.9 


jState Cojl^ge, Pa. , ■ . ' 

'Lat. 40°48'N !»EI. 1175 ft 


31.3 ^ 


31.4 


39.8. 


~ 51-3 


63. 4_ 


Stillwater, ^kla. 1 

Lat. 36°09'N • El.' 910 ft 


41,2 < 


45.6 


5318 


64.2 

■ ^ 


71.6 


— ' 1 f" ~ — : 

Tampa, Fla. 

Lat. 27°55'N i» El. 11 ft „ 

1 • ' 


64.2 


65.7 


68.8 


743^y~ 


79.4 


Toronto, O 


itario 


26.5 


*>-.26.0 


34.2 


46.3 


58 


Lat. 43°41'N 


I El. 379 ft 

I 






: ,„ — . . 






— r— — 

Tucson, Ari 

kit. 32°07'N »i 


%i. 2556 ft 


53.7 


57.3 


' * 62.3 


69.7 


./ 78.0 


Upton, N. N 
Lat. 4'0°52'N « 


\ EL 75 ft - 


35.0 


34.9 . 

' ■ ■• 


! 43.1 


' 52.3, 


, 63.3 

■ 

t 

i 


Washington^ D.jC. (WBCO) 

lat. 38°51'N • El". 64 ft / 


38.4 ■ 


39.6 1 „ 


, ' ■ 4 ■ 
'48.1 


. 57 f • ■. 

: A ■ 


67.? 


— — *r — t- — — — 

Winnipeg, Man. ' • 

Lat. 49°54'N • Eli 786 ft ( \ 


3.2 


;„: 7.1 


*21.3 


40.9V : 

■ ■ ' \ 


55.9 


370 






\ 

. o ■ 

'■\-" : \ 




\ 

v \ 

V'\ " 





jlMW 


lulv 

juiy 


August 


September 


October 


Appendix 
New ember 


4 

December 


72.2 


76.9 




69.5 


59.3 
— \ — 


48.3 


37.7 


70.8 


76.9 


73. 7B 


64.6 


53.1 f 


■ 40.1 


28.0 


74.1 

4 - 


79.8 


77.7 


•6*. 7 

— \ 


61.2 


48.5 


39.3 


64s4 


68.4 


67.9 


63.3 


56.3 


48.4 


44.4 


62.8 

i 


67.2' ' 


66.7 


61.6 


54.0 


45.7 

1 


41.5 


64.6 


* . 7*3.4 


71.7 


62.7 

« 


51.5 


..* 374 


30.5 


71.8 


V 75 - 8 < 

' 


• 73.4 

! « 

V 


66.1 


55.6 


43.2 


32.6 


81.1 ■ 85.9 


'"i"' 85.9 

< 

f 


77.5 


67.6 


52.6 

J!*— 


43.0 . 


83.0 

t 


84.0. 


84.4 


82.9 


77.2 


69.6 


65.5 


68.4 

* 


73.8 h 

• * * 


71.8 


64.3 


52.6 


40.9 


30.2 v; 


87.0 


90.1 


87.4. ** 


84.0 


73.9 


62.5 


56.1 


-r: 

.72.2 • 

a 

\ 


76.9 


75.3 


69.5 


59.3 


48.3 


3^.7 


76^ * 


; 79.9 . 


77 Q ^ i 

° • ?. 


"71 1 
/ Z.Z 


AO Q 

t 


50 2 


40.2 


65.3 


71.9 


69.4 


58.6 


45.6 


25.2, ; 


10.1 
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Appendix 

Degree-Days 



1, Normaf Degree-Oay/'by Month for Cities in the United States 

f/ri the tables, A indicates airport weather station; C indicates city office station.) 



City 




« July 


August 


September 

■■ 


October 


November 


ALABAMA , 


• 












Anniston-A 










17 


1-1 8 


; 438 


Birmingham-A 




; . o 





13 


123-'' 


396 


Huntsvi(le 




> 





12 


127 ' 


' 426 ^ 


Mobil e-^C 




o .. 


* 


. 0. 


23 


198 | 


, Montgornery-C 










' 'i 


55 


I 267 i 



ALASKA 



Anchorage 
Annette Is. 
, Barrow 
Barter Is. 
Bethel' , . 
Cold Bay 
t Cordova 
Fairbanks ^ 
Galena 
Gam bell 
' Juheau-C 
King Salmon 
Kotzebue 
McGrath 
Nome 
Northway 
St. Paul Is.-A 
SOURCE 



239 
262 
784 
735 
326 
474, 
363 
f49 
K 171 
642 
\279 
-313 
|384 
; 206 
477 
186 
592 



291 
217 
825 
775 
381 
425 
360 
296 
31 1 
598 
282 
322 
443 
357 
493 
350 
527 



510 
357 
1032 
987 
591 
525 
510 
612 
624 
747 
426 
«5T3 
723 
630 
690/ 
67/5 
791 



Values in ' this chart were gathered primarily from Handbook o/.Air Conditipning, 
Clifford Strock and Richard L. KoraRNew York: Industrial Press', 1965), 2d edition. 



899 
.561 
1485 
1482 
1029 
772 
750 
11^3 
1475 
/1042; 
651 
908, 
1225 
1159 
1085 
1262 
803 
Heajt/ng, 



12<81 
. 729 
° 1929 
/ 1 944 
1440 
918 
1017 
1857 
1818 
1254J 

864* ■ 
1 290 
1725 ' 
1 785 

2016 



* 936 
and Ventilating, ed. 
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December 



January 



February 



March" 



April 



May 



June 



.fotal 



614 
598 
663 
357 
458 



614 

623 

694' 

412 

483 



485 
49V 
557 
290 
%0 



381 
378 
434 
209 
265 



128 
1 28 
138 

■ 40 



25 
30 
19 








. 




1 587 


1612 


1299 


896 ' 


942 


809, 


2237 < . 


2483 


2321 




2536 ,, 


2369 


1 792 ' 


1804 ~ 


1565 


T122 


1153 . . i 


1036 


1190 


1240 


1089 


2297 


• ;2319 


1907 


2235 -\; . 


2303 


T'887 


165S r 


,1854 - 


1767 


1066 


,1101 


983 


1606 


1 600 \ 


1333 


2130 


2220 \ 


19 ( 52 


2241' ' 


2285 , 


1809 


1 776 


1841 . 


1660 


2474 


2545 


2083 


1107 


" 1197 


1154 




339 

321t 

933 

924 

372 

591 

471 

193 

226 

810 

315 
408 
651" 
283 
576 
312 
705 




10789 
■ 709,6 
19994 

' 1 9862 

. 12§80, 
9880 
9615 
14158 

f 1/1538. 
14474 

-i 8,187 
11343 
16151 
.14390 

114086 
1 5506 
1083V 
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~i / 

City r 1 i 


\ 

July 


August 


September ■ October 


November 


Shpmva K 


• 577 1 


475 


501 


,784 


876 ' 


Yakutat N 


381 \ 


378 


498 


722 


939" 

v. 


ARIZONA 


\ 

I 










^ Flagstaff- A 


49 


78 


243 


\ 586 


876 ''-'> ' * 


Phoen'fk-C 


\ 


• " o . 





i 13 


1 82 ; i 


Prpsrott-^A » 








34 


I , 261 


582 


Tucson -A , 


'0 








24 


222 


Winslovv-A , " 








20 


' 274 „ 


663 


Yuma-A 


« 





> 







,305 


ARKANSAS 


■i ' ' 
•* 


Fort Smith-A 







9 


131 


435 


; Little Rock-A 


; 


\ 


10 


110 


405 


Texarkana-A 


I o 


o ■ 





■ 69v 


317 


CALIFORNIA 

x V'". •' « ' -» . ' 




** 


■ 





fi 'ft 



Bakersfield-A 
Beaumortt-£ 
Bishop-A /f N 
Blue Canybn-A 
Bu|fe)aMkTA , ° : 
Eure]ka-C * ' y 
Fresno-A 
.Long Beach 
Los Angeles-A 
Los Angejes-C 
Mount Shasta-C 
(Daklarid-A <= 
Point Arguello 
Red Bluff-A 
Sacrarnento-C 
Sandberg-6 
San Diego-A 
San Francisco-C 
San Jose-C 
Santa Catalina-A 



o- 

. 

36 


267 


31 

37 
84 
202 



d 

11 
189 
7 
21 



• 

* 


41 ° 
" t) 
248 

• 


22 
0% 

46 

77 
186 

« 


7 

177 
11 
11 



i£. 
si 

103 
• 1 

■ !<> 

tl 
56 
'1 7 
165 
, 76 
162 

7 



1 



26. 

f 

^0 
26 
24 



4m 



374- 



273 

298 

564 

633 

186 

411 

345 

15'6 

200 

140 

705 

336 

291 

319 

321 

l»*5 

.147 

237 

270 

168, 
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December January February March April May t June Total 

1042 1045 958 1011 885 " 837 696 9687 

1153 1194 1036 1060 855 673 " 465 9354 



.1135 


1231. 


1014 


. • 949 


687 


465 


212 < 


2525- 


360 


425 


275 


,175. 


62 








1492 


843 


, 921 


717 


626 


368 


164 


17 


4533 


403 


474 


330 


239 


84 


/o ■ 


■ 


1776 


946 . 


1001 


706 


605 


335 


' 1^4 


8 


4702 


259 


318 


167' 


88 


14 


7 

/ 





951 • 


' '' v / t 


698 

\ ^ 


775 


571 


418 


1 27 


24 





3188 


719 


543 


401 


122 ' 


18 




2982 


\ 


____,____600 


441 


324 


84 


it ' n 

* 





2362 




/• : 










— 


■ - _ 


505\ 


561 


,350 


259 . 


105 


21 


' 


2115 


487: 


' 574 ' .;' 


473 


437 


286 


146 


18 


2840 


803 


840 1 1 


664 


546 


319 


°140 


, 38 ' 


4222 


822 




809 


, 815 


597 


397 


" 202 ; 


5719 


324 


3-96 


308 


v 265 


. 1 52 


85 


22 


1808 


v 508 

fe <58o ; , 


552 


465 t 


, 493 


432 " 


3*5 


282 


4632 


629 


400 ' 


v \ -304 


' ' 145 


' ■. 43 





2532 


' 288< 


.■ 379 


'297 


•267 


168 


90 . 


I 18 


'1711, 


301 


; > 378 


305 


273 


185 , 


121 


/ 56 * 


20<15 


253 


328 


244 


212 


129 - 


68 


' 1 9 


1451 


939' 


998- 


■787 


~722 


549 


. 357 


174 


5913 


508 


552 


400 


360 


/282 


212 


119 


3163 


400 


474 


392 


403 


339 


298 


243 


3595 


564 


'617 


423 


336 


177 


51 


" 


2546 


* 567 4 


614 v 


403 


, * 317 


196 


85 


5 


2600 


701 


781 


V 678 


629 


435 


261 


56 


4243 


255 


317* 


247 


223 


151 


97 


43 ' 


1574 


H06 


462 


336 


1 317. 


279 


248 


180 


3069" 


450 


487 


342 


.308 


229. 


137 


46 


' 24 Wk 


311 


.; 375 


328 


344 


264 


205 

7 


:. 121 -'\ 


224$ 
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Alamosa-A * 
Co l orado Springs - A 
Denver-C 
Grand Junctior\-A 
Pueblo-A 



City 


My 


August 


September 


October 
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1153' 

r 


V 854 


794 


546 


299 


1=1.1 


6369 



* 



385 
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July 




; August 



September 



October 



. November 



NEW HAMPSHIRE 



Concord-A 
Mt. Wash. Obs. 



11, 
493 



57 
536 



192 
720 



527 
1057 



, 1 

849 
1341 



'NEW JERSEY 



Atlantic' City-C 

Newark-A 

Trenton-C 















29 
47 
55 



230 
301 
285 




NEW MEXICO 



Albuquerque-A 








10 


218 


■ 

630 


Liayton-A 






AA 
DO 


7 1 A 


D/ O 


Raton-A 


=. 17 


7 A 
-JO 


1 40, 


» TJ I. 


7QA 


{ Kosweii-A , . 




•n 
u 


Q 
O 


1 c;a 
I DO 


jU 1 


rMCVy lUR^ 











— — 


Albany-C : 


-.. 


' : ' 6„ 


98 


- - 388 


708 


Bear Mountain-C 





25 


119 


409 


753 


Binghamton-A ,° 


16 


63 


192 > 


51 8 o 


834 


Binghamton-C 





36 


141 


428 


735' 


Buffab-A 


- 16 


30 


122 - 


* 433 


753 


New York-JFK lnt'1-A 
New York-C 


o 





36 " 


248 


564 








39 


263 


561 


OsWego-C 


SfL'' 20 


39 


139 


430 


738 


Rochester-A -1$% 


--9 


» 34 


133 


440 


759 = 


Schenectady-C 


o : - 


19 


137 


456 


792 


Syracuse-A 


o - 


29 - 


117 


396, 


714/ 


NORTH CAROLINA 


ft 










. Asheville-C 


> 


. 


50 


262 


. 552 ? '■' 


Charlotte-A 


* °. * 





7 


147 


4J8 


Greensboro-A 








'29- 


202 


510 


Hatteras-C 





! o • 





63 


244 


Raleigh-C 


o • 




10 . 


118 


387 


Wiknington-A 


- 








' 73 


288 


> Winston-SalerrirA 





- 


.28 


182 


492; 



386 



i 



December 



January 



Appendix ; 5 



February 



March 



April 



May 



June 



, Total 



1271 
1742 



1392 
1820 V 



1226 
1663 



1029 
1652 



660 
1260 



316 
930 



82 
603 



7612 
13817 



831 


905 


829 


729 . 


468 


- 189 


24- 


4741 


961 


1039 


932 


760. 


4513 


148 


t 11 


5252 


930 


1004 


' 904 


735 


429 


133 


11 


5068 


















, 


■ 




* 










899 


970 


714 


589 


® 

289, ■ 


70 





4389 


927 


995 


795 


. 729 


' 420 


184- 


" 24 - * 


5138 


1104 


1 203' 


924 " 


834 


543 


292 


87 


-•-6*77 


'750 


787 


566 


443 


185 


28 


'0 


3424 


















1113^ 


1234 


1103 


^905 


531 


202 


31 


v 6319 


1110 


1212 


1098 


-921 


561 


244 * 


59 


* : 6511 


1228 


1 342 


1215 


1051 . 


672. 


318 


88 


7537 


\ 1 rtj — — — 


1218 


1100 


. 927 


570 


240 


48 


6556 


•1 116 


1225 ~ 


~ 1128 


992 


636 


315 


72 


6838 


933 


1029 


935 


815 


. - 480 


. 167 


12 


5219 


908 


995 " 


904 


753 


456 


153 


18 ' 


5050 


1132 


% 1 249 


.1134 


• 995 


654 


355 


90 


6975 


1,141 


1249 


1148 


992 


615 


289 


J54 


6863 


1212 


1349 


' 1207 


1008 


.597 


233 


40 


7050 


T 1 13' 


"1225 


11 1 7 


955 


570 


247 


37 


6520 



769 
682 
772 
481 

,651 
'508 
.756 



794 
- 704 
* 806 
527 
691 
533 
797 



678 
577 
672 
487 
577 
463 
666 



572 
449 
528 
394 
440 
347 
519 



285 
172 
241 
171 
172 
104 
232 



105 
29 

-50 
25 
29 
7 
49 



5 




3 o 






4072 
3205 
3810 
'2392 
3075 
2323 
3721 



387 



.V 



.j. . 
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City . July 



<; 



August 



September 



October 
• — W- 



tfovember 



NORTH DAKOTA 



.Bismarck-A 


29 


37 


227 


" 598 '| 


1098 


Devils Lake-C 


47 


61 


276 


654 \ 


1 197 


Eargo-A 


25 


41 


215 


586 \ 


1122 


Williston-C ' °- 


•29 > 


42 


261 


605 \ 


1101 


r 

OHIO 








Akmn-C"^ intnn- A 


o 


1 7 


83 U 


378 


738 


Cincinnati-C 








42 


222 


567 


Cleveland-C 





9 


b 60 


311 


636 


Columbus-C 








59 > 


299 


654 


Dayton-A* 





* : 5 


\ 74 


• - 324 


693 ' \ 


Mansfield 


9 


22 


114 


397 


768 * 


Sandusky-C 








66 


327 ' 


684 


Toledo-A 





12 


102 A- 


387 


756 


Youngstown-A 





19 


83 


355 


732 



OKLAHOMA 



Oklahoma Cfity-C 








12 


149 


459. 


Tulsa-A 





■ 


18 


-152 


462 




/ 










OREGON 

i 






' \ 

\ 

\ 


3 - 




Astoria- A i 


' 138 s 


111 


146 


338 


5*37 


Baker-C 1 


25 


47 


^ 255 


518 


852 


Bums-C 


10 


37 


219 


552 ' 


855 


Eugene"-A 


33 


34 


144 


v 381 


591 


Meacham-A 


[ 88 


102 


294 


605 


903 


Medford-A ^ 
Pendleton-A „ 


'0 





77 


326 


624 


•V . 0. 





104 


353 


717 


Portland-C i 


' \ f>3 


14 


85 


280 


534 


Roseburg-C . 


i 14 


1 


98 


288 


531 


Salem-A I 


21 


23/ 


113 


326 


588 


f Sexton Summit 


88 


^ 6$ 


169 " 


456 ' 


714 


Troutdale-A 


33 


31 


131 - 


335 


591 



388 



- Appendix 5 x 

December January February March April May r June . *^tal 



1535 


1730 


1464. 


]187 : " 


657 


,;355 


116 


9033 


1668 


1864*. 


.1576 


1314 


750 " 


' 394 


137 


9940 


1615 


/ n.795 " 


1518 


'1231 


687 


338 


101 


9274 


1528 


"1705 


1442 


1194 


663 


360 


138 

m 


9068 


; ; I : : — ■ 


1082 


116i6 . 


1033 • 


884 


537 


235 


50 


6203 


880 


942 


■ 812 


645 


314 


108 • 


d 


4532 


995 


1101 


9?7 


846 


510- 


223 


49 


5717 


.983 


- 1051 ? 


907 


741 


408- * 


>53 


22 


5277 


1032 


1094 


941 


,781 


435 


179 


39 


* 5597 


1110 


-,' , J169 


1 042- 


, 9.24 


.543 


245 


60 


6403 


1039 


t. ' ij'22 


997 


■853 


513' 


'217 


41 
• 60 


5859- 


1119 


1 197 


• 1056 


905 


555° 


245 


6394 


1085 


1163. 


1030 


• -877 


- 534 


24f 


53 


6172 




747 


843 < 


• 630 ' \' 


472 


169 


38 





{ 3519 


750 


856 

- 


644 y: 


485 


173 


, 44 





V 3,584 



691 


772 


613 i 


611 


: 459 


357 


222 


4995 


138 


1268 


972 f 
946 • j( 


. 837 . 


591 


384 


200 


7087 


156 


1274 


809 


552 t 


349 


159 


6918 


756 


^ 83 1 _. 


624 , ( 


567 


423' 


270 


.1 125 


4779 


11 3 


1243" 


1008 / 


961 


' 717 


527 


327 


7888 


822 


862 


627 .,' 


552 


381 


207 


69 


4547 


921 


1066" 


795 v 


614 " 


386 


197 


51 


5204 


701 


791 


594 * 


6 515 


347 


199 


> 70 k 


4143 


694 


744 


563 


508 ' 


366 


223 


83 


4122 


744 




82 § 


622 


564 


408 


249 


91 


4574 


877 


905 


801 


797 


* 621 


450 


270 


, 6217 


766 


874 


664 


574 


405 


256 


115 


- 4775 



t 

V 
i 



389 



City 
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V I i. ' July 



August 



September 



October 



November- 



PENNSYLVANI/ 



Allentown-^ 
Erie-C 

Harrfsburg-jA 
Park PlacefC * 
Philadelphia-C - 
Pittsburghjc 
Reacling- 
ScrarTtan-it 
Williamsport-A 




9 
17 

57 


5 
18 
16 



89 
76 
69 
173 
33 
56 
57 
115 
101 



366 
352 
308 
48^ 
214 
298 
285 
389 
377 




RHODE ISLAND 



Block Island-A 

Providence-A 

Provid^nce-C 




88 
107' 
68 



330 
381 
330 



SOUTH CAROLINA 



— ■ : — 'J'" i 












Charlestqn-C 





\ '" 





34 


214 * 


Columbia-C 








.0 


76 - 


308. 


, Florence-A / 


' 








94 


347 


Greenville- A > 


- (} - 




J 10 


131 


411 


Sp^rrta/ibur^-A \ 








7 


136 " 


414 



SOUTH DAKOTA 


\ r-luron-A • 




' . 10 


16 


149 


472 " 


.. 975 


* \feapid City-A 




32 


r 24 


193 


500 


891 . 


Sioux Falls-A 




16 


'.^ V 


155 


472 


984 


TENNESSEE 


f 













; Bristol-A • „ 


; 





■ 58: 


239 


^ r .576 


Chattanooga-A 


; 


, . 


24 


169 


J 477 


' v Krroxville-A 


: | 


« 


?* 33 


179 ' 


498 


Memphis-C -■> 


o ; 


o 


13 


98 


392 


Nasbville-A -. 







22 


'154 • 




Oak Ridge ' 


o. 

. "9 





39 y-\. 


192 


53-r- 



Appendix 5 

December January February March * April May June ^otal 



1051 


1 1 32 


1 01 9 


840 


*T JD 


1 (~.A 
1 Dt 


1 Q ° 
ZD 


rnnri 
DOOU 


1020 


* 1128 


1039 


91 1 


' 573 


273 


55 


6116 


964 


1051 


921 


750 


423 


1 28 


14 


5258 


1200 — 


1277 


1 142 


998 


648 


290' 


85 


7175 


856 


933 


• -837, 


•667 


369 


93 


v 


45*23 


924 


992 


8?9 


735° 


402 


137 


13 


5048 


936 


1017 


.902 " 


725 


41 1 


123 . 


1 1 


5060 


1057 


1141 


A 028- 


859 


516 


196 


35 


6047 


V ^Q57 , 


1132 • 


1 1005 


828 


477 


. 181, 


25, 


y 58% 



© 



927 


" 1026 


955 " 


' 865 


. 603 


335- 


96 


5843 


1035 


1125 


1019 


874 


. 570 


258 


58 ' 


6125 


986 


1076 . 


972 


809 


507 


1 97 


31 


5607, 


» 












, u— 




4 TO 


445 1 


363 


260 


. > 43 





; 


• 1769 


524 


538 


443 


318 


77 





0. 


2284 


574 


588 


, 487 


334 


83 


. " 





2507 


648 


673 


552 


442 


161 


32 





306Q 




670 


549 


. 436 


152 


26 





• 3044 



"1407 I 1,597 1327 1032° * 558 ' 279 80 7902 

1218 V 1361 1151 1045 615' 357 148 7535 

1414 ' 1575 1274 - 1023 .558 276 • - 80 7848 



815 
710 
744 
639 
725 
772 



818 

725, 

7G0 

716 

778 

778 



697 
588 
630 
574 
636 
669 



576 
467 
500 
423 
498 
552 



274 
179 
196 
131 
186 
228 



95 
45 
50 
20 
? 43 
56 








« 



4148 
3384 
3590 
3006 
3513 
3817 



391 
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City 


July 


August 


September 


October 


November 


TEXAS ■ . ° s - 


ADiiene-A ^ 


\ 

\ o 





• 

5 


98 


' .. 350 


^ Ana 'vril-lv^ — A— — a — — 

AmdrlllO^A 


u 


_ _ _ _ 

a 


37 


240 


i 594 


— — Austin-A 











30 


214 


Big-Springs-A 










75 8 


316 ; 


tjro.wnsviiie-A 


U 








• ' 


59 


corpus i~nnsii-A 


n 
U 


— n 
U 





- * 


113 


L/dliaS-A - 


U 


r\ 
(J 





53 


299 


uei ivitj-A 


(J 


o s 





26 


188 


Cl P^co A 

ni r^aso-A ( 
rone vv-orin-A j v 


U 


- n * 
u 





.70 - 


390 


"A 


U 





58 


299 


vjdivesion-L 


(J 










131 




U 


U 





* 


162 


Laredo-A 1 \ 








' 


• o • 


N 91 


Lubbock 1 A 


. 





23 


.^1 73 


492 


Midland . 











J 87 


381 ' 


Palestine-C j 


o 





* 




45 


260 


Port Arthur-C ! 










* 

8 


170 


SafvAngelo-A . - J 


v o .■ 








72 


280 


Sari Antonio-A ' 








,0 


25 


* 201 ' 


Victoria- A 


•G , 


o' ft . 








131 


v Waco-A 


. i . 





. -» 


44 • 


251 


Wichita Falls-A . 





G 


5 


115 


" 404 


UTAH 


/ 

Blanding - 
, MiJford-A 

Salt Lake City-C 





. 




o 

, 


100 
114 
61 


409 
462 
330 


792 • 
828 



VERMONT 



Burlington-A 



19 



47 



172 



524 



858 



VIRGINIA 



Cape Henry-C 
Lynchburg-A 
Norfolk-C 
Richmond-C 





0' 












49 

5 
31 



120 
236 
118' 
181 



366 
531 
354 
456 



'392 



Appendix 5 



December 


January 


February 


March 


April 


May " 


June 


Total 




X$95 


673 


479 


344 


113 








2657 


859 


92 T 


711 


586 


298 


99 


- 


4345 


402 


484 


322 


21 1 


so- 





o 


1713 


577 . 


639, 


454 


314 


los 








2$&Q^ 


159 


219 


106 


74 





.<■■ o 


. 


617 


252 .-, 


330 


192 


1 1 18 


6 








1011 


518 


607 


* 432 


288 


75 ' 


. 





2272 


371 


419 


.235 


147 


21 








1407 


626 


6701 


445 


. 330 


110 


• 





2641 


533 


622 J 


"~ 446 


308 


\ 90 


5 





2361 


271 


356 \ 


247 


1 76 


,30 , 


! , e 


, 


1211 


303 


378 


240 


1 66 


~ - ""7 

27 


• 

o 





1276 


• 215 


270 


- 134 


71 











- 781 


756 * 


8j2 v 


• 613 


481 


' 201. 


36 


■ o 


3587 


592 


651 " 


468 


322 


■ 90 








^ 2591 


, 440 


531 


368 


265 


71 








1980 


315 ' 


381 


258 , 


181 


27 





l o 


9 1 340 


502 


556 


^ 378 


257 


62 








2107 


374 


462 


293 




-n34 - 





a 6 


1579 


277 


, 352 


209 / ' 


sr 






Q 


» 1126 


4'59 


"" 557 


385 ^ 


263 


66 






2025 


657 


756 


538 


394 


• ; 140 


16 a 


• 

i 


3025 



V. 



V .* 

107,9 


. \ 9 1190 ,<* I 


913 - ' 


800 ; 


- 510 


272 ■ 


73 


6138 


1147; 


1 277 


955 


800 


51 6 


26^ ' 


77 


6445 


995 ^ 


, .11 1 9 7 


857 


701 • 


414 


208* v 


64 


5463 v 




' ■ ./• — 








T — T-r 






i3aa 


. - \ - 1460 


T313 


1107 . 


■ 681 


"307 


72 ' 


' 7865 

>f ■ 




X" 


a 


CI 


i, — " ku 









648 
808 
636 
750 



698 
846 
679 
.787 



636 
722 
602 
675 



584 
464 
529 



267 
289 
220 
254 



60 
82 
41 
57 




5 
6 




> 



3307 
4153 
3119. 
3720 
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City 




July 


August 


September 


October 


November 


Roanoke-A 










50 


233 


543 


WASHINGTON 








^ 






■ *, 




. k 




■ 






Ellensburg-A 




13 


1 7 


176 






Kelso-A 




85 


84 


186 


409 


636 

W J \J 


Northhead 




239 


205 


234 


°341 


tUU 


dlympia-A 




9-1 


83 


207 


434 


64^ 


Omak 







46 


1 94 


533 

J J J 


Q? 1 

7Z 1 


Port Angeles-A 




233 


226 


303 




• •„ OUj 


Seattle-C • 




49* "~ 


\ 


134 


329 


'540 


Spokane- A - 




1 7 


28 X 


S 205 


,508 


879 


Stampede Pass 




251 


260 


\414 


701 


1002 


Tacoma-C 




66 


62 


i>^ 


375 


579 


Tattosh Island-C 




* , 295 


288 


315' 


406 


528 - 


Walla Walla-C 









o 


93 .. 


308 


"675 


; - - Yakima-A 







7 


150. 


446 


807 


WEST VIRGINIA 






■ - 






& 


Cnarleston-A 










60 


25.0 ' 


i 

576 ..° 


Elkins-A ? 




• 9 


31 


122 


412 


726 , 


Huntington-C 




h o 





35 


210 . 


549 


Parkersburg-C 










• 56 


272 


.600 


Petersburg-C 







"5 ~" . 

« 


72 


308 


.654 


WISCONSIN 


Green Bay-A 




■32 


58 


-1183 


515 


945 


LaCrosse-A 




11 


20 


152 


447 


921 


Madison-C 




.10 


30 


137 


419 


t. 864 


Milwaukee-C 




11 


24 ' 


112 


397 




WYOMING 














CasperrA 


• 


13 '". 


24 


231 


' 577 ' 


951 


Cheyenne-A 




33 


39 - 


-241 


577 


897 , 


% Lander-A 




7 


23 


244 


632 


1050 


>■*■ "Rock Springs-A 




.20 


32 


2& 


648 


.1038' 


Sheridah-A 




27 


41 


239 


578 


957 



r 



394 - 



/ • \ : ° 

^ -k N Appendix 5 

December ; January \ February March April May June Total 



"- 806 ' 


840 \ 


722 a 


588 


289 


81 





4152 














■ % 




1116 . 


"1268 


949. 


753 


504 


296 n 


105 


t* ■ 

6542 


■- 784 


856 


652 - 


605 


' 453 


316 


173 


5239 


». 636 


7J(4 


585 


593 


492 


. 406 


" 285 


5211 


«794 


Ms 


700 


660 


• ,*498 


338 


183 


*; 5501 


1212 


|3/52 - 


1061 


i 781 


1 453 


222 


59 


. 6834 


719 




,652 ' 


\ 645 


519 • 


422 


^ 297 


5850 


O/zf 


- - /it') . 

/1243k 
1280 




o ':, rrn 
1 J JO 


396 


246 l 


, 107 


4438 


1113 


988 


,S34 




'330 


' 146 


6852 


1 203 


1064 


1063 


837 


..636 


438 


9149 


'719 


/ 797 \ 


636 


595 


435 


" 282 


143 


4866 


.648 


/ '713 * 
'A- 1023 
/ 1181 


\ 610 


629 


525 


43,7 


330 


5724 


890 


\ 748 


564 


338 


171 


38 


4848 


1066 


X 862 


660 


408 


205 ■ 


53 


5845 


















534 f 


687 


750* 


632 


310 


• 1 1 


8 


4417 


995 


1017 ' 


910 


797 


477 


224 


53 


5773 


803# 


837 1 


728 




to 251 


85 


~V 5 


• 4073 


896 


949* 


826 


672 


34^- 


119 


13 7 


4750 


942 


967 - 

_4i ^ 


. .820 


' 667 


384 


133 


14 


4966 



1392 


1516 


1336 


t J 132 


696 


347 


107 u 


8259 


1380 


1528 


1280 


1035 


552 . 


250 


74 " ... 


7650 


1287 


1417 


- 1 207 


1011 


573 


266 


79 *' 


7300 


1184 


1302 


1117 


961 


606 


335 


100 


6944 




• 

■ ■ . . ■ 


1225; 


1324 


1095- 


1011 


660 


381 


-146 


- 7638 


1125 7 


1225 


1044 


1029 


717 


462 


173 


- 7562 


1383 


1494 


1179 


1045 


687 • 


396 


163 


93.03 


1 349 


•1457 


.1182 


1110 


1 ' 735 ' ' 


44> ; 


193 


8473 


1271 


1392 


U70 


1035 


1 645 


387 


-161 


7903 
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2. Normal Degree- Days by Month for Cities in Canada 



City 



July 



August 



September 



October 



November 



ALBERTA 



■A/' 



1/10. 
790 > 
150 
60 
120 
.20 



Calgary 
Edmonton 
GraTide~Prairie 
Lethbridge 
McMurray ,.. 
Medicine Hat 



1 70 
180 
220 
100 
220 
50 



410 
440 

450 
350 
520 
300 



710 
750 
800 
620 
880 
600 



J-L 



1 1 T 

1220 
1 300 
1030 
1500 
1070 



BRITISH COLUMBIA 



JAtlin 


350 


360 


560 


• 870 


1240 


Bull Harbour 


270 


260 


3.40 


490 


' : 630 


Crescent Valley 


; 90 • " 


120 


■ 330 ; 


680' 


990 


Estevan Point 


270 


240 


310 ■ 


.460 


,580 


Fort Nelso'n .* ^ 


120 


, 220 


. 460 


920 ' 


•1680 


Kamloops ^> 


10 


.30 


200 


540 


890 


Penticton 


. 20 


. 20.' 


200 


520 


820 


Prince George 


200 


260 


460 


750 • 


1110 


Prince George City 




220 


430 


.740 


1100. 


Prince Rupert 


V270 


240 


340 


510 


680 


Vancouver, 


/ 70 , 


70 


220 


440 


650 


Vancouver City 


70 . 


70 


200 


' '■ 430 


■* .650 


Victoria (Pat. Bay) 


130 


130 


260 


470 ' 


660 ■ 


Victoria' City .' 

■' 


160 


1 50 


230 


, 4 m 


600. 



MANITOB 



BralTdon 


/ 

* ; 


60" 


.,. 100 


% 350 


'730 


1290 


Churchill 




360 


390 


710 


11.10 


1660 


Dauphin 




. ■ '-■ 50 


90 


320 


670 


' .1250 


The Pas - 




—7. 80 


160 


440 


, 840 ' 


.* .. '1.480 \ 


Winnipeg 

■ ''' ■ '• \ . '-' 




' v 37 


75 


: 311 


686 


1255 



NEW BRUNSWICK 



B'athurst , 
Chatham , 
FrederiCton : 



^0 
40 
50 



* 90 
H 80 J 
70 



310 
270 
250 




SOURCE: Reprinted with permission from Handbook of Air Conditioning, Heating, and Ventilating. 
396 . 



"10 10 
'970 
••940 



v Appendix 5 





1 3rtl larv 
. laiiuai y 


CUI 1**1 1 J 


Mdrch 


^ April 


May 


June 


Total 




, • /' 














1430 


1530" 


1350 


1 200 


770 


460 


270 


V 9520 


1 660 


1780 


1 520 


1290 


'760 


410 


220 


10320 


i / ju 


1 870 


1 600 


1 380 

1 -J \J w 


830 


460 


250 


1 1010 


°1 33f) 


1450 


1 29ft 


1120 


690 


400 


210 


8650 




7710 


1? i oz u m 


1 540 


920 


500 


270 


12570 


1440 


1 ^90 


1 380 

1 J u w 


11 30 


620 


320 

■$*3k>±-- - 


1 30 


" ° 8650 






































1 540 


1 370 


- -960 


670 


410 


1 1710. 


770 


820 

W i. \J 


710 


690 


580 


470 


340 


. 6370 


1 720*% 


1 360 


1080 


940 


610 


400 


220 


8040 


710 ; 
/ i v 


760 


670 


700 


580 


470 


340 


1 6090 


2190 


2200 


1 870 


1460 


890 


460 


220 


12690 


1 3 70 


1 320 


= 1050 


780 


; 'V 450 


210 


1 80 


6730 


1050 


.1190 


960 


. 780 


490 - 


260 


100 


64 fO 


1440 


V 1570 


1320 


1110 . 


740 


480 


280 


9720 


1450/.'' 


" 1540 


1290 


1070 


730 


470 


250 


9460 


.860* 


910 


81.0 


790 


650 


° 500. 


350 


69°10 


.810 


890 


740 


680 


480 


- 320° 


150 


5520 


8-10 1 


880 


720 


650 


470 


' 300 


140 


' * - 5390, 


790 


870 


720 / 


690 , 


. , 520 


370 


220 


5830 


730 


800 


660 


' 620 


470 


° 350 


230 


5410 



1810 


2010* 


^ 1730 
" 2320 


14.40 


820 - 


. 420 


170 


10930 


2240. 


"2590- 


2150 


1580 


1130 


670 


16910 


174Q b 


1940 


. 1 670. ? 


1430 


830 


° 420 ; 


150 


10560 


1980 ' 


4: 2200 


1850 • • 


1 620 


1010 


550 


250 


12460 


1778 • 


" \ 1993 


1714 


144-1 


810 • 


41 1 


147. 


10658 






*'■■ 













1480 T690 1520 " VI300 880 „ 520 180 9670 

1450 1620 1450 \250 \ ■ 850 490 180 - 9290 

1410 1570, 1410 1)180 '780 420' '150 8830 
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* City 


July 


August 


September 


October 


November 


Grand Falls 


100 


, 120 


/ 330 


660 


1000 


Moncton 


50 


80 


260 


590 


910 


Saint John 


8.0 _._ 


100 


280 


590 ; 


880 


Saint John City 


110 


110 . 


250 


'•■ 530 


830 



NEWFOUNDLAND 



Cape Race 
- Corner Brook 
Gander 



Goose Bay 

St. John's (Torbay) 



NORTHWEST TERRITORIES 



ONTARIO^ 



Fort William 
Hamilton 
Kapuskasing 
Kenora. 
Kingston City 
Kitchener City 
London 
North Bay 
North Bay City 
Ottawa (Uplands) 
Peterborough City 
Sault Ste. Marie 



350" 
'■90 
-+36- 
130 
190. 



T60 
1 40 

T60 
220 
170 



"150 
320. 
320 
440 
320 



90 

20 
110 

40 

3tf 

30 

20 
, 70' 

40 . 

30' 

30 , 
1 20V 



600 
-640 
660 
840 
610 



800 
890 
920 
1220 
820 



• Aklayik 


280 


460 


800 


1400 


2040 


Fort Norman 


170 


• .350 


700,/ 


1220 


1940 


^ Frobisher 


600 


. 650, 


880 


1280 


' 1580 


> \ Resolute 


780 


860 


1 240 


1810 


2220 


ttellowknife 


160 


25CL 


580 * " 


1 060 ' 


; 1 740 














TNUVA 3CUII/\ • 


Halifax (Dartmouth) 


80 


90 


230 


510 


790 


Halifax' City 


55 


58 


190 


469 


, 745 


* Sydney * 


60 


80 


220 


510 . 


780 


Yarmouth 


110 


120 


230 . 


480 


720 V 



140 


370 


- 740 ' 


| 1 170 


30 


140 . 


470 


800 


180 


420 


790 ' 


1280 


80 ' 


' 320 


710 


1270 


40' 


1 60 * 


500 .. 


820 


40 


170 


520 


. 860 


40 


150 


490 


840 


120 


. ' , 32Q 


. 670 


1080 


90 


270 


. 620 


1 000 


60^ 


200 ' 


. 58 


970 


40 


1 80 


540 


890 


160 


340 


650 


1010 



, Appendix 5 



December 


January 


February 


Marcn 


Anril 

/xprii 


May 


June ' , 


1 dial 


1540 


1*750 


1570 


1340 


870 


> 480 


" 190 ' 


' 9950 


1340 


1520 


1380 


1190 


830 


, 480 


* 200 


8830 


1300 


1440 


1310 


1160 , 


" 8,30 


510 


' 260 


' 8740 


1250 


1400 


1270 


1100 


780 • 


500 


250- 


8380 



V 



1080 


1240 


1170 


1 1 50 


950 


780 


560 


9290 


1200 


1410 . 


1360 


1240 


900 


640 


350 


9180 


J230 


-—.1430 - 


1320 


. 1270 


970 


-650 


380 


9440 


1740 


2020 


1710 


1530 


1101 


770 * 


410 


12140 


1130 


- - 1270 '. 


1180 


1 170 


.920 


700 


460 


8940 



2530; 


2580 


2310. 


2290 


1690 


1050 


"' s 480 


17910 


2460', ' 


2550 


2190 


2040 ' 


1390 


730 


' 280 


16020 


2120 ;^ 


2560 


2280 


2230 


1690 


1250 


„800 


17920 


2660 
2420 


2890 




2720 


2170 . 


1550 


970 


22600 


C257CJ ,T 




2020 


1410 


790 


370 


15640 



1160 


1 280| 


— ; 1 

1220. ' 


1 090 . 


800 


530 


250 


8030 


11091 


126*2 


1 1 80 


1042 


765 


484 


•226 


• 7585 


1130. 


1310 


1280 


1160 


850 


570 


270" 


8220 


1040 


t180 


1100 


1010 


750 


510 


270 


7520 




168(1, 


1830 


1580 


\ 1 380 


890 


540 


230 ' 


' 1 0640 


11 50 


V 1260 


1190 " 


1020 


670 


330 


70 


7150 


1-770 


2030 


1750 


1550 


1030 > 


600 


, 240 


11750 


1800- 


1980 


1 670 


1420 


860 • 


430 


160 


10740 


1250 


1420 


1290 


1110 


71Q. 


380 


100 . 


• 78/10 


1240 


1350 


1.240 


1080 


680 


330 


80 


7620 


1200 


1 320 


1210 


1040 


• 650 


330 


*90 


v ; 7380 


1550 


1710 


1530 


1350 


840 


470 


170 


•9880 


1510 


1690 


1490 


1280 


810 


420 


120 


' 9340 


1460" 


1640 


1450 


____JU20- — - 


• 730- 


330 


70 


8740 


1320 






1130 


690 


^ 330 


90 - 


8040 




1590 


1500 


1310 


820 


470 


210 


9590. 



399 
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Citv 

r 


lulv 


August 


JC Lf ICI ■ 1 I 


vIvlUUCi 


niuveiTiijcr 


Sioux Lookout 


70 


120 


390 


780 


1310 


Southampton 


70 


90 


190 


500 


830 


Sudbury 


60 


" 140 


310 


680 


1100 


\ imrnins 


1 in 
-1 1 U 


1 /u 


4 I U 


7QA 

/o0. 


4270 


Toronto (Mai ton) 


30 - 


40 


180 


540 


840 


Toronto City 


8 


29 


154 


465 


777 4 


Trenton 


20 


30 


1 60 


470 


840 


White River 


i-160 


230 


440 


820 


1270 


Windsor 


10 . 


10 


120 


410 


780 


PRINCE EDWARD ISLAND 


Charlottetown 


60 " 


70 


240 


550 


850 


QUEBEC 








■ 

/ , t '< . 




H — : : : : 

Bagotvllle 


80 . 


120 


370 


740^ 


1 160 


Fort Chimo a 


380 


450 


700 ■ 


1040 


1440 


c 1 Fort George 


350 


380 


550 


890 


1270 


, Knob Lake 


300 


410 


670 


1080 


1500 


Megantic 


80 


140 


330 


660 


1000 


' Mont Joli 


70 


120 


310 


660 


1030" 


Montreal (Dorval) 


10 


40 


190 


550 


.910 


Montreal Ci.ty 


1 


40 


1 80 


530 


890 


*wljtcheq'uon 


270 


320 


590 >> 


970 


1430 


Port Harrison 


560 


' 570 


730 


1050 


1430 


^ Quebec (An. Lorette) 


40 


90 


290 


650 


1030 . 


Quebec City 


20 


70 


250 


610 


990 


Sherbrooke City • 


20 


70 


240 


590 


920 


-Three Rivers City ^ 


20 


60 


250 ■ 


610 ' 


980 


SASKATCHEWAN V 






r 






North Battleford 


60 


W-9 


~T80" 


750 , 


1350 


Prince Albert — ' — " 


70, 


140 


410 


780 ' 


.1350 


~~ Regina w . j , . 


70 


110 


370 


•750 


1290 


Saskatoon j 


. 60, 


no , 


380 


760 


1320 


YUKON TERRITORY \J 


* 


V H v. " 








Dawson 


170 


320 


660 


1170 ./ 


1890 


Whiteborse . 


.280 .., 


. 350 


570 


940 


■■■■■ 1510 



400 



1 


li 


• 








Annpnniv £ 




December 


January 


February 


March 


April 


May 


June 


Total 


1850 


2060 


1 750 


H f— -1 /""\ 

1 5 >0 


950 


520 


220 


1 1530 


1200 


1350 


1270 


1 1 40 • - 


76Q 


450 


17j0 


802Q 


1 500. 


1 720 


1 450 


1 340 


. 870 


510 


190 


9870 


1 740 


1 990 


1680 


1530 


1010 / 


550 


240 


TT480 


1220 


1360; 


1260 


1 090 


700 


370 


100 


7730 


1126 


1249 


1147 


1018 


646 ' 


316 


73 


7008 


1280 


1400 


1 280 


1080 


670 


330 


70 


7630 


1 770 


1990 


1740 


155Q 


1010 


590' 


280 


11850 


1 130 


1220 


1100 


• 950 


580 


270 


70 


665b, 


fee 
















1210 


1460 

1 


1370 


. 1220 


870 


560 


250 


' 87.10 





1 730 


.1950 


1710 


1450 


940 


I • 570 


220 


11040 


2010 \ 


2410 


2170 


1920 


1460 


1010 


610 


15600 


1880 \ 


2340 


2090 


1950. 


1330 


. 920 


530 


14480 


^2010 


2410 


2040 


1810 


1 3*00 


910 


•450 


14890 


1480 


\ 1640 


1490 


1290 


870 


500 


190 


9670 


-1440 


1650 


1470 


1310 


910 


550 " 


230 


9750 


13 r 90 


•\ 1590 
\ 1540 


1430 


1180* 


730 


W 270 


60 


8350 


1370 


1370 


1150 


700 


300 


" 50 


8130 s 


.2050 


\ 2340 


2010 


1820 


1310 


91Q 


490 


14510 


2050 


2470 


2290 


2190 


1610 


1 1 40 


790 


1 6880 


1530 ; 


\1 690 


1510, 


1300 


850 


430 


130 


9540 


1470 , 


\640 


1460 


'1250 


810 " 


400 


100 


9070 


1400 


1 560 


1410 _ 


1190 


. 750 ' 


jza^ — 


-90— 


8610 


1490 


1690 








370 


'80 


9060 










*« 






i 


1820 


1990 


.1710 


1440 


■s" 800 


- 400 


190 


11000 


1870 


2060 


1750 


1500 


850' 


' 440 


210 


11430 


1740 . 


1940 


1680 


1420 


790 


420 


19a 


10770 


1790 


1 790 


17T0 


1440 


800 


, 420 


180 


10960 


. . I 


2410 ■ 


2510 


216Q 


1830 


1100 


570 


250 


1 5040 . 


19G0- 


.1850 


164.6:- ' 

1 ! 

^ ; 


1350 < 


... 1000 ' 


600 


310 


12300 



401 



6 

APPENDIX 



Clear- Day Solar Heat Gain through 
Vertical Double Glazing at Various 
Orientations (in Btu/sq ft) 

(The heat gains listed in the following tables account only for}he reflection losses from the surface of the glass. 
To account for absorption losses, reduce the values listed by 6%.) » 



8° North Latitude 



32° North Latitude 





N 


NE, 
NW 


E, 
W 


SE, 
SW 


S 


HORIZ 


January 


168 


192 


634 


1'1 72 


1558 


1454 


February 


206 


310- 


816 


1 191 


1350 


1832 


March 


248 


464 


923 


1074 


912 


2184 


April 


306 


658 


989 


893 


492 


24'28 


May 


__4Q2__809-- 


-4-923- 


— 756-- 


T68" 


2576 


June 


464 


861 


1019 


695 


360 


2£10 


luly 


416 


808 


1006 


741 


\ 372 


2494 


August 


324 


656 


961 


862 


482. 


2386 


September 


260 


456 


,883 


1029 


884 


21 10 


October 


214 


311 


788 


1 143 


1296 


1796 


November 


1 A) 


194 


625 


1 151 


1526 


1444 


December 


152 


162 


564 


1151 


1586 


1306 





N 


NE, 
NW 


E, 

. w 


SE, 
SW 


S 


HORIZ 




152 


166 


574 


1 146 


J 560 


1288 




192 


278 


. 772 


1200 


1424 


1688 




240 


433 


904 


1 116 


1034 


2084 




302 
j 


636 


997 


955 


600 


2390 




396 


789 


1040 


823 


• 422 


2582 




450 


841 


1038 


758 


^390 


2634 




408 


789 


1024 


803 


420 


2558 




320 


636 


968 


920 


582 


2352 




250 


426 


664 


1067 


*1000 


2014. 




200 


280 


746 


1151 


1364 


1654 




154 


168 


567 


1 125 


1528 


1 280 




136 


144 


518 


1.1 28 


' 1574 


1136 


of Oregon, Eugene, Oregon, 1977. 



402 



V 



* V 

' Appendix 6 



36° North Latitude 40° North Latitude 



! 


N 


NE, 
NW 


E, 
W 


SE, 
SW 


S 


HORIZ 


N 


NE, 
NW 


E, 
W 


SE, 

SW 


S 


HORJZ 


. January 


136 


147 


528 


1 123 


1550 


1120 t 


120 


1 28 


474 


1079 


1506" 


948" 


February 


178 


247 


722 


1 197 


1474 


1 534 


164 




666 


1 180 


1502 


1374 




230 


404 


882 


1 153 


1146 


1974 


220 


376 


858 


1183 


1244 


1852 


April f 


298 


615 


1002 


1016 


720 


2338 


294 


593 


1002 


1075 


838 


2274 


May 


390 


769 


1054 


888 


500 


2574 


384 


'747 


1063 


952 


598 


2552 


June 


442 


822 


1056 


823 


, 446 


2644 


446 


816 


1083 


894 


528 


2648 


July 


402 


768 


1037 


867 


492 


2552 


398 


749 


1048 


931 


586 


2534 


August 


318 


616 


973 


978 


694 


2304 


312 


595 


975 


1034 


806 


2244 


September 


242 


399 


842 


1100 


1102 


1906 


230 


370 


'816 


1126 


1190 


1796 


October 


186 


250 


697 


1147 


1410 


1506 


170 


218 


642 


1129 


1436 


1348 


November 


140 


150 


522 


1101 


1516 


1 114 


122 


130 


466 


1056 


1472 


942 


December 


120 


1 25 


463 


1083 


1526 


960 


102 


105 


393 


J 007 


1434 


782 



,403 

I 
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44° North Latitude 





N 


NE, 
NW 


E, 
W 


SE, 
SW 


s 


HORIZ 


January 


102 


107 


405 


1004 


1420 


" 772/ 


February 


148 


183 


603 


1 f48 


1506 


1208 


' March 


208 


347 


829 


1206 


1 32H' 


* : '1 720 


April' 


288 


572 


1000 


1128 


954 


2196 


May 


386 


738 


1081 


,1021 


710 


2522 


June 


458 


819 


1116' 


968 


628 


2^642 


July 


400 


741 


1067 


999 


694 


2508 


August 


308 


575 


..972 


1085 


916 


21,72 


September 


218 


343 


r-787 


1144 


1262 


1660 


October 


154 


187 


582 


1098 


1438 


1186 


November 


104 


109 


399 


983 


1388 


768 


December 


82 


83 


307 


895 


1292 


608 



404 



48° North Latitude 



N 


NE, 
NW 


w 


SE, 
SW 


S 


HORIZ 


82 


%M 


320 


894 


1284 


598 


" 130 


153 


540 


1 106 


1486 


1040 


194- 


. 3t8 


795 


1218 


1386 


1578 ; 


280 


551 


994 


1177- 


1060 


2106 


394 


736 


1 105 


1091 


828 


2482 


468 


820 


11 44-, 


1 04 2 


740 


2626 


408 


741 


1092 


1068 


806 


2474 


300 


553 


965 


1131 


1018 


2088 


• "206 


315 


753 


1151 


1318 


1522 


138 


159 


523 


1056 


1414 


1022 


86 


87 


317 


875 


1252 


596 


66 

\ 


66 


237/ 


777 


1130 


446 



i 
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a 

52° North Latitude ~ 56° North Latitude 





N ' 


NE, 
NW 


E, 
W 


SE, 
SW 


S 


HORIZ 


N 


NE, 
NW 


E, 
W 


SE, 
SW 


S 


HORIZ 


January 


64 


64 


240 


767 


1112 . 


434 


46 


46 


170 


620 


900 


282 


February 


114 


131 


485 


-1057 


1442 


870 


96 


109 


420 


982 


1358 


700 


March 


180 


290 


757 


1220 


1430 


1428 


166 


261 


714 


1207 


1 452 


1268 


April 


.270 


528 


984 


1219 
^ 


1156 


2006 


260 


506 


970 


1254 


1240 


1892 


May 


400 


736 


1 127 


1159 


942 


2434 


406 


735 


1144 


1221 


1052 


2374 


June 


472 


817 


1167 


1113 


856 


2596 


494 


830 


1199 


1183 


972- 


2562 


July 


416 


741 


1114 


1134 


920 


2430 


420 


.739 


1130 


1 195 


■1026 


2372 


August 


290 


i532 


956 


1 171 


1108 


1990 


280 


511 


943 


1204 


1188 


< 1 884 


September 


190 


286 


714 


1 148 


1352 


1374 


176 


258 


670 


1130 


1364 


1220 


October 


120 


136 


466 


1005 


1368 


856 


102 


113 


403 


930 


1282 


688 


November 


.66 


66 


237 


749 


1084 


434 


48 


48 


168 


603 


876 


284 


December 


46 


46 


166 


. 631 


918, 


294 


24 


24 


86 


428 


'622 


156 
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Appendix 

Percentage of Enhancement of Solar Heat 

Gain with Specular Reflectors for 

Vertical South-Facing Glazing (reflectance 0.8) 




reflector length (1) 
glazing height (h) 
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1 I 

Latitude 


28° 


j " 1 
32° 


36° 


40° 


44° | 

i 


48° 


°52° ' 


56° 


Reflector/ 
Collector 
Tilt Angle 


90° 


95° 


90° 


95° 


90° 


$5° 


90° 


95° 


95° 


100^ 


95° 


100° 


100° 


105° 


100° 


105° 


January 


48 


49 


TT— : — 

42 


46 


37 


42 , 


31 


37 ? 


32 


37 

i 


28 


33 


29 


33 


25* 


30 


February 


62 


48 


58 


50 


51 


50 


45 


48 


43 


43 


38 


41 


37 


38 


33 


36 


March 


68 

■ /. 


37 


A 


42 


67 


46 


66 " 


49 


51 


34 \ 


53 


38 c 


41 


26 


44 


30 


April 




12 


f74 


21 


73.' 


29 


72 


36 


42 


14 . 


46 


21 


27 


8 


32 


13. 


7 

May . ^ 


76 





76 


2 




9 


75 


'17 


26 


^2 | 


.33 


6 


11 


- 

o 


18 


2 


* 1 n> / 

June^ 


78 





77 





7b' 


2 


76 


8 


17 


| 


25_ 


1 


5 


v 


11 





July 


77 





76 





76 


5 


-f. ■" 

75 


, 12 


21 


| 


29 


3 


8 





14 


1 


August 


75 


5. 


75 


13 


74 


21 


73 


29 


36 


•/ 


42 


14 


21 


. of 
4 " 


27 


8 


September 


71 


30 ' 

.ri,...,.. 


° 70 


37 


70 


42 


69 


46 


49 


28' 


52 


33 


38 


20 


41 . 


25 


October 


'* 64 


4.6 


63 


48 


59 


50 


51 


51 


48 


'41 


43 


43 • 


41 


33 


37 


38 


November 


52 


49 


45 


48 


40 


44 


34 


39 


.34 


39 


30 


35 


.31 


J5 


27 . 


....32 _ 


December 


""'44 


48 


39 


43 


33 


38 


28 


34 


29 


34 


_25*p 


31 


27 


32 

■ N 

N ... 


23 c 


28 



SOURCE: Takeri%om computer studies by M. Steven Baker; University of Oregon, Eugene, Oregon, 1977. 
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Conversion Tables 



I. ConverlioivFactors 



To Convert From 



To 



Multiply By 



Btu 
Btu 

-Btu- 



Btu 
Btu 
Btu 
Btu 

* Btu/square foot 
Btu/hour/square foot/°F 
Cubic foot atmospheres 
Cubic feet of water 
Cubic l^et of water 
Footpounds 
Gallons of water 
Gallons of water 
Gram calories 
Horsepower 
Horsepower 
Horsepower 
Horsepower 
Horsepower - 
Horsepower hours 



Gram calories 

Kilogram calories • , 
-Cubic-eefrtfmeters atmospheres 
Cubic foot atmospheres 
Foot pounds . * 

Horsepower hours 
Kilowatt hours 
Langleys 
Watts/CMV°C 
Btu" * 
Gallons * - 

Pounds \ 
Btu 

Cubic feet 
Pounds - 
Btu 

Foot pounds/hour 
Foot pounds/minute 
Foot pounds/second 
Kilowatts 

1*1 

Watts - 

Btu r 



251.9958 
.00397 
10405.6 

.36747 
777.649 

.0003927 
.00029287 
.271 
5.6820.x to 4 
2.721 
7.4805 
62.366 
.001285 
0.13.368 
8.3453 
.Q0397 
1,980,000. 
33,000. 
550. 

.7457 
745.7 - 
2546.14 
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Appendix 8 



To Convert From 


To , V 

v • / 


Multiply By 


Horsepower years 


Btu 


22,304,186.4 


Kjlogram calories 


Btu 


3.97 


Kilowatts 


Horsepower 


1.34102 


Kilowatt hours 


Btu ■ . 


3414.43 


0. 

t Langleys 


Btu/square foot 


3.69 


Lumens (at 5,550 A) 


Watts J 


0.0014706 


Months (mean calendar) 


Hours , t 


730.1 


Pints (U.S., liq) 


Cubic centimeters 1 


473.18 


Pints 


Cubic inches 


28.875 


Pounds of water 


Cubic feet of water 


0.01602 


\. Pounds q| water 


Gallons (U.S., liq) 


0.1198 


-Watts 


Btu/hour 


3.4144 


Watts 


Btu/minute 


° 0.05691 


Watts 


Calories/minute 


14.34 


Watts 


Horsepower 


0.001341 


Watts/square centimeter 


Btu/square feet/hour , 


3,?72. 


Watt-hours 


Btu 


3.4144 


Watt-hours 


Calories » 


• 860.4 " - 


Watt-hours • 


Horsepower hours 


0.001341 



2. Fahrenheit-Centigrade Conversion Table " , . ' 

Theyfiumbers in the center column, in boldface type, refer to the temperature in either . , 
Fahrenheit or Centigrade degrees, fjgfft is desired td convert from Fahrenheit to 
Centigrade degrees, consider'trie center cojumn as a table of Fahrenheit temperatures 
and read the corresponding Centigrade temperature/ in the column at the left. If it is J 
desired to convert from Centigrade to Fahrenheit degrees, consider the center 
column as a table of Centigrade values, and read the corresponding Fahrenheit 
temperature on the fight. 



SOURCE: Clifford Strock and Richard L. Koral, eds., Handbook of , Air Conditioning, Heating, and 
Ventilating, 2d ed. (New York: Industrial Press, 1965). 



Tor conversions not cove red "in *he table, the following formulas are used: 
F f 1 .8 C + 32 C = (F - 32) + 1.8 



DegC 



-46 

-40 i - 

-34 : 

-29 

-23 

-17.8 

-17:2 

-16.7 

-1 6,-1 

-15.6 

-15.0 

-14.4 

-1 3'.9 

-13.3 

-12:8 

-12.2 

-11.7 

-11.1 

-10.6 

-10.0° 

- 9.4 ' 

- 8.9' 

- 8.3 
7.8 

.-7.2 

- 6.7 

- 6.1 

- 5.6 

- 5.0 

- 4.4 

- 3.9 

- 33 

- 2,8 

- 2,2 

- 1.7 
-1.1 

- 0.6 
0- 
0.6 
1.1 
1.7 .. 
2.2 ' 
2.7. . 
3.3, 

' 3.9 
=J.4j 
5.0 
5.6 
6.1 
6.'7 
7.2 
7.8 
8.3 



DegF 



DegC 



□eg F 



— JU 


— JO 


ft Q 


AO 


118'.4 


— *lU 


- 40 


r> Q A 




120.2 




11 
— ZZ 


1 fi n 


50 


122.0 


— ZU 


A 

— H 


i n a 
1 u . D. 


51 


123.8 




1 A 


I I . I 


5z 


1 25.6 


' 


11 


117 
II./ 


5 J 


127.4 


1 

, .1 - ... 


1 1 ft 


1 Z.Z 


54 . 


- 129.2 


9" 


^■^ A 
jj.D 


1 T Q 

1 z.o 


55 


131 .0" 


■I 


37 4 


1 j.j 


5o 


1 32.8 


• t 




n q, 


57 


134.6 


1 

J 


^ 1 .u 


1 H .H 


58 


1 36.4 


f. 



*tz.o 




59 


138.2 


7 


Aid a 


ICC 


' ; ;60 


140.0 


A 
O 


AC A 


1 C 1 

lb.) 


•--•••,1 
61 


141 .8 


Q 


AR 


° lb./ 


62 


• <, 143.6 


in 
1 u 


DU.U 




63 


145.4 


11 * 
1 1 


J 1 .0 


17 

1 / .O 




147.2 


1 7 
1 Z 


JJ.O 


1 ft "} 


fo5 


149.0 


1 1 


JJ.H 


1 ft Q 
I 0.7 


DO 


• 1 50.8 


Id 


j/ .Z 


1 Q 
I 7.*t 


O/ 


..*:.1 52.6 


1 C n 
1 J 


JJ.U 


9n n 
zu.u 


ZQ 
DO 


1 54.4 


1 (k 


An a 

DU.O 


zu.b 


by 


j- I DO. 2 


- 1 / 


ATA 


oil 


70 


1 58.0 


1H 


AA A 


n 7 


71 


1 159.8 


1 Q 


AA T 




- • o 72 


.161.6 


■ 7n 


Aft n 

00. U 


TT Q 

iZ.O 


73 


1 63.4 


71 


aq n 


Zj.J 


74 


1 65.2 


O 77 


7 1 A 
/ I .O 


4? -7 


75 . 


167.0 


71 


/ J.^ 




76 


168.8 


74 


7 1 ; 9 
/O.Z 


Z J.U 


- -// — - 


170.6 




77 n 


Zj.o 


—j 


1 72.4 


7A 


7ft ft 
/ O.O 


zb. r 


/y 


1 74.2 


77 


ftn a 


ZC>./ j 


on 


1 76.0 


711 
4.0 


OZ.n 


z/.z 


HI 


177.8 


7Q 


ft*l 7 


Z/ .0 


OZ 


1 79,6 


in 


ftA n 

OD.U 


1 ZO.J 


01 
OJ 


181.4 


11 

*J 1 


R7 ft 

0/ .0 


.zo-.y 


04 


183.2 


32 


89.6 


29.4 


€J J 


. 1.0J.U 


■ 11 




in n 
JU,U 


86 


186.8 




Ql 7 


jU.d 


8/ 


1 88.6 


■11 " 


if j . u 




00 
00 


190.4 


1A 

JO 


OA ft 


3 1 7 


89 


.192.2 




jO.O 


, ^ JZ.Z 


90 


194.0 


1R 


1 nn 

I UUin 


" on ft 


Oi 


1 nc 

1 95.8 


OQ 


1 Cil 1 
1 uz.z 


Til 


"4 


1 07 c 

ly/.b 


40 


104.0* 


^f3.9 • 


93 


199.4 


41 


105.8 


34.4 


94 


201.2 


42 


107.6 


35.0. ° > 


95 


203.0* 


. 43 . . 


'109.4 


35,6 ' 


96 


204.8 


44 


111.2' 


36.1 ■ * , 


97 


206.6 


45 


113.0 


. 36.7 ~ ,= ° 


98 


208.4 


46 


114.8 


37.2 


99 


210.2 


47 


116.6 


37.8 \ 


100 


212.0 
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Glossary' 



absoriptance — the ratio of the radiation absorbed by a surface and the totakenergy 
falling on that surface measured as a percentage. 

active solar energy system — a system which requires the importation of energy -from 
•outside of Jrfife immediate environment: e.g., energy to operate fans and 
P^rnps. , 

adobe— a sun-drietf^unburned brick of clay (earth) and straw used in construction. 
-vA^th in ^beJUnited States, adobe Js used primarily in the Southwest, 

ambient tem^ature^surroundirt'g'temperature, asite'mperature around a house. 

i - : 1 . $ 

angle of incidence — the -angle that the sun's rays make with a line per- 
| .-. pendicular to a surface. The afngle of incidence determines the percent- 
v | age of direct sunshine intercepted by a surface. The sun's rays that are 
perpendicular to a surface are said to be "normal" to that surface. See table 
11-1 in chapter 2 for the percentage of possible sunshine intercepted by a 
surface for varrous angles_ofJ_ncidence. - -• 

auxiliary system — a supplementary heating unit to provide heat to a space when' its 
primary unit cannot do so. This Usually occurs during periods of cloudiness 
or intense cold, when a solar heating system cannot provide enough heat to 
meet the needs of the space. 

azimuth — the angular distance between true south and the point on the horizon 
directly below the sun. 

back-iup system— see auxiliary system. , 



Beadwall® — a form of movable % insulation developed by David Harrison of 
Zomeworks Corp., 1 212 Edith Blvd. NE, Albuquerque, NM 871 02. The 
system employs tiny poly styrene beads blown into the. space between the 
two sheets of glass (or plastic) in a double-glazed window or skylight. 

bearing angle— see azimuth. 

berm4-a man-made mound or small hill of earth. * . 
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body — a theoretically perfect absorber of incident radiation with also the 
highest possible emittance. 

Btu (British thermal unit) — a uh.it used to measure quantity of heat; technically, the 
quantity of heat required to raise the temperature of one pound of water 1°F. 
Orle Btu = 252 calories. One Btu is approximately equal to the amount of 
heat given off by burning one kitchen match. 

calorie — a unit of heat (metric measure); the amount of energy equivalent to that 
heeded to raise the temperature of one gram of water 1°C. One calorie is 
approximately equal' to 4 Btu's. 

caulking— making an airtight seal by filling in cracks around windows and doors. 

* . .. - - 

clerestory — a window theft is placed vertically (or near vertical) in a wall above one'? 
line of vision to provide natural light into, a building. 

collector, flat plate — an assembly containing a' panel of metal or other suitable 
material, usually a flat black color on its sun side,, that absorbs sunlight and 
converts it into heat. This panel is usually -in an ins'u fated box, covered with 
- glass or plastic on the sun side to retard heat loss. In the collector, this heat 
transfers to a circulating liquid or gas, such as air, water, oil or antifreeze, in 
which it is trlnsfered to where it is used immediately or stored for later use. 
.... later use. 



collector, focusing — a collector that has a parabolic or other reflector, whicrr 
focuses sunlight onto a rsrhall area for collection. A reflector of this type 
greatly intensifies the heat at the point of collection allowing the storage 
system to obtain higher temperatures. This type of collector will only work 
with direct beam sunlight. ' , 8 l 



collector, solar — a device for capturing solar energy, ranging from ordinary windows 
to complex mecbanical devices. 



conductance (C) — the quantity of heat (Btu 
foot of material in one hour^when 
between both surfaces. Conductance 
ness of material, not per inch of thi 
as concrete, dividing the conductiv ty 
gives the conductance (C). 



's) which will flow through one square 
there is. a 1°F terrtperature difference 
values are given for a specific thick- 
ckneSs. For homogeneous materials, such 
(k) df the material by its thickness (X) 



conduction — the process by which heat energy is transferred through materials 
(solids, liquids or gases) by molecular excitation of adjacenXnioJecotes. 
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conductivity (k)— the quantity of heat (Btu's) that will flow through onelsqu'are foot of 
material/one inch thick, in one hour) when there is a temperature difference 
of 1°F between its surfaces. 

convection— the transfer of heat between a moving fluid medium (Jiquid or gas) and 
■ . a surface, or the transfer of heat within a fluid by movements within the fluid". 

dead air space (still air space) — a confined-space ofain/A dead air space tends to 
reduce both conduction and convection of heat. This fact is utilized in 
virtually all insulating materials and systems, such as double glazing, 
"\ Beadwall, fiberglass batts, rigid foam panels, fur and hair, and* loose-fill 
v Insulations like pumice, vermiculite, rock wool and goose down. 

degree-day (DD) cooling— see degree-day for heating, except that the base tempera- 
ture is established at 75°F, and cooling degree-days are measured above that 
base. 

degree-day (DD) heating^-an expression of a climatic heating requirement ex- 
pressed by the difference in degree F below the average outdoor temperature 
for each day and an established indoor temperature base of 65°F, (The 

% assumption behind selecting this base is that average construction will 

provide interior comfort when the exterior temperature is 65°F.)The total 
number of degree-days over the heating season indicates the relative severity 
of the winter in that area. 

: * / 

density (p) — the mass of a substance "which is expressed in pounds per cubic foot. 

diffuse radiation— radiation that has traveled an indirectpath from the sun because 
it has been scattered by particles in the atmosphere, such as air molecules, 
dust and watenvapor. Indirect sunlight comes from the entire skydbrne. 

direct radiation— light that has traveled a straight path from the sun, as opposed to 
diffuse sfcy radiation. x \ 

efficiency — in solar applications, this measure pertains to the percentage of the solar 
energy incident on the face of the cojlector (glazing), that is used for space 
heating. 

emissivity — the property of emitting heat radiation; possessed by all materials to a 
varying extent. "Emittance". is the numerical value of this property, ex- 
pressed as a decimal fraction, Jor a particular material. Normal emittance is 
the value measured at 90 degrees to the plane of the sample and hemispher- 
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ical emittance is the 5 total amount emitted in aQSirections. We are generally 
interested in hemispherical, rather than normal, emittance. Emittance values 
range from 0.05 for brightly polished metals to 0.96 for flat black paint. Most 
nonmetals have high values of Remittance s 

equinox— either of the two times during a year when the sun crosses the celestial 
equator and when Jhe length of day and night are approximately equal. 
These are the autumnal equinox on or about September 22 and the vernal 
equinox which is on or about March 22. 



eutectic salts— salts used for storing* heat. At a given temperature,, salts melt, 
absorbing large amounts of heat which will be released as the salts freeze. 
Example: Glauber's salts. The melt-freeze temperatures vary with different 
salts and some occur" at convenient temperatures for thermal storage such as 
in the range of 80° to 4 20°F. « 

glazing — a covering of transparent or translucentViaterial (glass or plastic) used' for 
admitting Ij^ht. Glazing retards heat losses from reradiation and convection. 
• Examples: windows, skylights, greenhouse arid collector coverings. 

„. - . . . _ _ c 

■■'■■'* ■■ ' .. ..... . ■.. ».■*■« V " 

glazing, double — a sandwich of two separated layers of glass or plastic enclosing air 
to create.an insulating barrier. 

greenhouse effect — refers to the characteristic tendency of Some transparent mate- 
rials' such as glass to transmit radiation shorter than about 2.5 microns and 
block radiation of longer wavelengths. 

■ " . \ 
j > * • 

heat capacity (volumetric) — tne number, of Btu's a cubic foot of material can store 

r -wi% a one, degree increase in its temperature.' . , 

f- w . v " - . , 

heat gain — an increase in the amount of heat contained in- a space,.resulting from 
direct solar radiation,, and the - heat given off by people, lights, equipment, 
machinery and other source's. " - 

heat Icjss— a decrease in tjfie amount of heat contained in a space, resulting from heat 
'flow through walls, windows, roof and other building envelope compo- 
nents. / '* • a , ' * ' ' * ; ■ 

v i. ; - * f ,l i 

infiltration— the uncontrolled movement -©ftputdpor aif into the interior of a building 
through cracks abound windows anSd6ors oHn walls, roofs and floors'; THi^ 
w may work by cdld air leaking in during the winter, or the reverse in the 
summer. '"' • - s - 
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insolatiort— -the total amount of solar radi at ion- — direct, r diffuse and reflected— 
striking a surfa°ce exposed to the sky" This incident solar radiation is 
measured in l.angleys per rr\inute, or B.tu's per square foot per hour or per day, 

\ 

insulation — materials or systems used to prevent loss or gain of heat, usually 
employing very small dead air spaces to limit-conduction and/or convection. 

- * 

radiation— the direct transport of energy through space by means of electromagnetic 
waves. ^ 

radiation, infrared— electromagnetic radiation, whether from the sun or a warm 
body, that has wavelengths longer than the red end of the visible spectrum 
(greater than 0.75 microns). We experience infrarecTradiation as heat; 49% 
of the radiation emitted by the sun is in the infrared band. i 

reflectance^— the ratio or percentage of the amount of light reflected by a surface to 
the amount incident. The remainder that is not reflected is either absorbed 
by/the material or transmitted through it. Good light reflectors are not 
necessarily good heat reflectors. 

/ ' ' < ■:■ 

resistance (R)— R is the reciprocal of conductivity or X/k. (X = thickness of the material 
- " in inches.) 

retrofitting — installing solar wateV heating and/or solar heating or. cooling systems in 
existing buildings not originally designed for the purpose. 

_ ... - • V ' ' ° ,. 

R-factor — a unit of thermal resistance used for comparing insulating values of 
different materials; the reciprocal of the conductivity; the higher the R-factor 
.of a 'material, the greater its insulating properties. See resistance (R). 

skydome (sky vault) — the visible hemisphere o\ sky, above the hofizfn, ir# all 
directions. '\ , 



skylight- — a clear or 6 translucent panel set into a roof t6 admit sunlight into a building; 

I s — a form of movable insulation and a roof pond system develops 
Hay. The system involves motor-driven sliding insulation panels 



solar altitude— the angle of the sun above" the horizon measured in a vertical plane. 
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solar constant — the amount of narration or heat energy that reaches the outside of 
the earth's atmosphere. ! " ' 

" sotar Tatfiatiori— ^lectrbmiighetic radiation emitted by the sun. 

solar window — openings that are designed or placed primarily to admit solar energy 
into a s-pace. 

specific heat (Cp% — the number of Btu's required^o raise the temperature of one 
pound of a substance 1°F in temperature. > 

thermal mass — the amount of potential heat storage capacity available in a given 
assembly or system"! Drum walls, concrete floors and adobe walls are 
examples 'of therrrial mass. 

I & a ■ 

thermocirculatien— the convective circulation ef fluid which occurs when warm 
fluid rises and is displaced by denser, cooler fluid in the same system. 

time la$— the period of time between the absorption of solar radiation by a material 
andjts release into a space. Time lag-.te an important consideration in sizing 
a thermal storage wall or Trombe watt,.* . 

translucent — the quality of transmitting light b~Qt causing sufficient diffusion to 
eliminate perception of distinct images. „ 

transmittance — the ratio of the radiJnt energy transmitted through a substance to the 
total radiant energy incident on its surface. In solar technology, it is always 
affected by the thickness and composition of the "glass cover plates on a 
/'"' \ collector, and to a major extent by the angle of incidence between the sl/n's 
rays and a line normal to the surface. r . ' 

U value (coefficient of heat |ransfer)^— the number of Btu's that flow through -one 
# square foot of roof, wall or floor, in one hour/ when there is a 1°F 
difference in temperature between the inside and outside air, under steady 
state conditions. The U vafue is the reciprocal of the resistance or R-faetor v 

\ ■ 

vapor barrier — a component of construction which is impervious to the flow of 
moisture and air and is'" used to prevent condensation in walls and other 
locations of insulation. x 
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water wall — an interior wall of water-filled containers constituting a one-step heating 
system yVhich combines collection and storage. 

weather stripping — narrow or jamb-width sections of thin metal or other material t 
prevent infiltration of air and moisture around windows and doors. 
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Absorption ; 

of heat by thermal mass, 28, 29L 
. of solar radiation, 11^ 16-20 
by thermal storage wall, 
44-45 

of thermal radiation by glass, 
24-25 - y - , * ■ ' 
Active s^aTlTeatihg systjem's, 28 ' 
In attached greenhouse,; 53, 179, 
183-85 ' y l 

Adobe. See also Masonry tlwmal 
mass 

for cjirect gain systems, 34,. 42_ 
Adobe fireplace/ as back-up heating 

system, 43 
' Air lock, as .entry, 97 
Air loop rock storage system, 60-62 
A1 bedo; of the earth, 8-9 
Alexander, Christopher, on the uses 

of open space, 75-77 •* . 
Altitude. See Solai*altitude 
Angle, of sun's rays, 13-14 
Angle of incidence, 14, 15, 18 , 
Anticorrosive, in water wall, 42 
Appliances; supplying of interior 

heat by, 35„ 
Architecture, new attitude toward, 

1-2 \ . * \. 

Atascadero residende, as example of 
... indirect gain system, 56' 
Atmosphere, solar ra deration and, 

8-12 

Automatic timers, fdjr movable 

insulation, 236 
Azimuth. See Solyr azimuth 



B 



Back-up heating systems, 31 

adobe firepjace as, 43 
\ - for freestanding greenhouse, 
218' 

wood stove as, 40, 52 
Baer resiftence, as example of 
indirecngain system, 50-52 
Beadwall,y36 

Bearing angle. See Solar azimuth 
Berming, of earth, on north side, 86, 

87-88 
Black body, 24 
Body heat, 64 

supplementing heat systems 
with fc 31,35 
Brick. See also Masonry thermal 
mass 

for direct gain systems, 34, 42 8 



Carbon dioxide, absorption of solar 

radiation by, 10 
Carpeting, 134,143 
Caulking, of doors, 97 
Clerestories, 84; 125-31 

in direct gain systems, 34-35, 38 
angled, 42 

vented for cooling,,37 

Climate '' 

affecting sizing of thermal 

storage wall, 154 
as design factor for architecture, 

1-2 - . 

Climate, cloudy 

design allowances for, 228, 229 
greenhouse wall angles f&r, 204 
reflectors and, 243 ■ % 
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Climate, cold • ■ ' 

direct gain system in, 38-41 ■ 
sizing greenhouse for, 173-77 
sizing solar windows for, 119' ' 
sizing thermal storage walls for, 
153, 155-57 

Climate; temperate 

sizing greenhouse'for, 173-75 
sizing sola/ windows for, 119 
sizing thermal storage wajls for, ' 
,153, 155-57' ' ' \ 

Closets, location of, 90-91 \ ./ ; ' 

Clouds, absorption of solar" fadiiatiorv 
by„10 « ' . \ 

Cloudy, day storage, 226-29 

Collectors, 15 

in acfive solar heating system! 

■ r 28 4 

in direct-gain systems, 29 
flat plate, 5^-62 
in indirect gain systems, 44-45,' 
. ; 50, 56 

, supplemented with^ reflectors, 

' 241-48 
CrJlor 

, affecting reflectiop of solar 

radiation, 24 
affecting reflection of thermal 

radiation, 24 * 
of clerestory celling, 129 
of masonj^ thermal mass, 134, 

136-40,142^3/ 
perceptio<4^/1 5-1 6 
for summer cooling, 264 ■ 
of thermal storage wall, 166 
... of water wall, 145, 149-51 
Combination solar heading systems, 
220-24 

direct gain and thermal st©rage 
wall, 50-51, 52 ' 



Comfprt, of passive solar heating, 
64-65 

Concrete. See also Masonry thermal 
mass * 

as thermal mass in direct gain 
system, 31 
Concrete block. See also Masonry , 
thermal mass 

for direct gain system, 40, 42 
-Conduction, 20, -21 

heat loss by, 231 „ f • 
•in masonry thermal 'wall, 44, 
i I 161, 162 
Conductivity, 21. See also 
.» Conduction 

affecting of heat storage by, 27 
Convection, 21-23 ' ^ 

in attached greenhouse, 53 
irt masonry thermal storage 

wall, 44-45., 50 > . 
in roof ponqs, 56 
in water thermal storage wall, 
// 50, T47, 
Convective fl-ow,. in convective loop, 
" 60 ' - ■ 

Convective Jb'op, 59^62 - • 
Cooling, with solar, power, 26, 
1 262-66 ' .- 

in direct-gain systems, 31 , 37-38 
in indirect gain systems,- 55-56 
with roof ponds,,1 89 , " 
Corridors, location of, 90-91 
Corrosion, prevention of, in water 

walls, 42 
C'ost 

of passive'solar system, 62 
of transportation of buil 
materials, 2 



428 



Index 



Curtains 

to controt'-thermal storage wall, 

. 51, 236 

exterior r for shade/255-57 
Cylindrical sun chart, 267-92 



D 



Daily sun paths, 274 
Dampers, to prevent reverse 

thjermoci.rculation, 50, 159, 166-68 

Davis house, as example of isolated 

gain system, 60-62 
Density, of construction materials 
affecting heat capacity, 26 
affecting thermal, radiation, 24 
Depth, ofjip'orh, determining of, 84 
Diffuse reflection,. 15-16 
Diffusion; of solar radiation by 

atmosphere, 9-12 • 
. Direct gain systems, 29-43, 118-51 
assessing of, 107-9 
clerestories in^ 34-35 
. cooling with, 31 
examples of, 31-43 
masonry heat storage for, 

134-43 

skylights and clerestories for, 

125-32 
solar windows for, 119-23 
thermal mass and heat storage 

in, 29-31 
water wall for, 145-51 
Distribution. See Transportation 
Doors. 5ee Entrance location 
Downdraft, caused by convection, 

Drums, 55-gallon, for water wall, 
"42,51 



Earth, solar radiation affected by tilt 

and rotation-of, 11-12 
Earth berming, on north side, 86, 

t 87-88 •-■ 
■ Electromagnetic radiation, 5-6. See 
a/so Solar radiation 
Emissivity, of a surface, 23-24 • 
Emittance, of a material, 24 
Energy. See also Hea't-j Thermal 
energy ' 

output of the sun, 5-7 
Energy density, 13 
ElvtfaBice location, 94-99 
Equation of time, 288 ,_ 
Evaporation, of roof ponds for . 
cooling, 189 



Dust, absorption of solar radiation 
' by, 9, 10 ' -.' 



Fan 

in attached greenhouse, 53 
for ventilation, 121 
Fence, as windbreak, 97 
Fiberglass tanks, for roof ponds, 197 
Fireplace, adobe, as back-up heating 

system, 43 1 . 

Flat plate collector, in isolated gain 

system, 59-62 
Floor, as thermal mass 

in direct gain system, 40 
insulation of, 259, 261 
maintaining comfo rt of, 6 5 
Forced co nv«tti on, - 

Foyers, 94, 97 ' „ 

" Frequencies, of solar wavelengths, 7 
Fusion. See Thermonuclear fusion 
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G 

Garage, location of, 90-91 

Glare, 125/127 

Glass. See also Glazing 

absorption of thermal radiation 

by, 24-25 
as collector in passive systems, 
28, 29 

transmitting of solar radiation 
by, 17-19, 24-25 
Glazing.. See also Glass 
double, 101, 104, *I22 
for roof ponds, 191-92 
^ greenhouse effect and, 25 
^' insulated, 232-33 

"'tilted for greenhouse, 204 
transmission characteristics of, 
, 17-19 ' 
[Gravitational contraction, of 
\ hydrogen, 5 
' Greenhouse effect, 24-25 
i 3 Greenhouse, attached 
assessing of, 111-12 
icommon thermal wall in, 
„ - \ 181-85 

in indirect gain systems, 48, % 
52-55 

retrofitting to wood frame 
building, 178-79 , 
sizing of, 173-79 
thermalmass in, l74, 177 
Greenhouse, freestanding, 201-18 
■ * ° active rock storage system'for, 
210, 213-16 
back-up heating system for, 218 

/ masonry thermal- mass for, 209, 

210-12 
% waterwal I for, 209, 21 3 
Guidelines. See Patterns 



^-ii 

He^at, 20 

from interior lights, 31 

loss of, 94, 97, 101 

from people, 31 

storage of, '25-27 

transfer of, 20-25 
Heat capacity, 26 

Horizontal overhang, shading mask 

for, 305-6 
Hydrogen, in the sun, 5 

I ,' 

Indirect gain systems, 29, 43-58 
assessing of, 109-14 
attached greenhouses in, 48, 

52-55 - 
roof ponds in, 55-58 ' 
thermal storage wall in, 43-51, 
53, 55-56 
sizing of, 153-57 
Indoor spaces, location of, 90-92 
Infrared radiation, 7, 10 
Insulation, exterior, 259-61 
Insulation, movable, 231-39 
hand operated, 236 
motor driven, 236, 239 
for roof pond, 56, 189, 194-95, 
197-99 
v thermally sensitive; 236 

for thermal storage wall, 51, 156 
Intensity, of solar radiation, 13-15 
jron, in-glass, 18-19 
Isolated gain systems, 29*, 59-62' 




„ Kelba^ugh house, as example of 
indirect gain system, 48-50 
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Latitude, affecting sizing of thermal 

storage wall, 154 
Latitude variations, of sun's path, 277 
Laundry room, location of, 90-91 \ 
Light 

as parjt of sun's, energy, 7 

speed of, 7 
Lighting, interior 

heat supplied by, 31, 35 

from solar radiation, 84 
Location, ofbuilding, 72-77. See 

also Shape and orientation 
Louvers, 218, 236 



M 



Magnetic variations, of sun's path, 
277-78 

Masonry thermal mass ^ ■ * 

compared to water waii; f ,. 170-71 
in difect gain systems," 29-30, 
31,34-3.5,40,42 
specifications for, 134-43 
in indirect gain system*, 44-50 
thicknesses for, 159, 161-63, 
166 

Materials, for building, 115-17 
Maxamillian's, as example of direct 

gain system, 34-38 
Mean radiant temperature, 64 « 
Microns, definition of, 7 
„ Monthly sun paths, 275 



Ul 



Natural convection, 21 . See a/so 

Convection 
Natural convective loop. See 

Convective loop 



North side, utilizing of, 8^-89 
Noti greenhouse, 215 

O 

Obstructions 

to solar radiation, 73, 74 
to south wall, 125, 127 
to wind, 88, 97 
Olgyay, Victor, on building shapes, 
80-82 " - ' 

Outdoor spaces 

north side, 86-88 
south side, 75-77 
Overhangs, 250-57 

adjustable, 253-54, 255-57 
horizontal, 250-52 
Overheating 

caused by allowances for 

cloudy days, 229 
caused by improperly sized 

storage walls, 153, 159,162 
caused by oversized windows, 
.119,120 
Ozone, absorption of solar radiation 
by, 10 " 



Patterns, for designing passive solar 
systems, 66—266 

attached greenhouse systems, \ 
172-85 " ~ \ 

choosing the system, 106-14 
direct gain systems, 118-51 
entrance location, 94-99 

gye nhouses, ^0Q-266 

location of builclrng, 72-77 
jlocation of indoor spaces, 
/ 90-92 

' materials for, 115-17 
north side, of building^ 85-89 
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Patterns (continued) 

roof pond systerrfe, 186-99 

shape and orientation of 
building, 78-84 

thermal storage walls;1 52-71 

use of, 66-71 

window location, 101-4 
Photons, 6 

Plastic, as glazing for greenhouse 

effect, 25 
Pollution. 5ee Thermal pollution 
Polyethylene, for roof poinds, 197 
Polyvinyl chloride, for roof ponds, 

197 

Ponds, roof. See Roof ponds 
Prevailing winter winds, 86, 88, 94, 
97 



Radiation^ See a/sd Solar radiation; 
Thermal radiation 
of heat, 23-24 
Reflection 

of solar radiation, 15 
of thermal radiation, 24-25 
Reflectors, 51,241-48 

comparing finishes of, 248 
for interior surfaces, 246, 248 
for roof ponds, 189, 191 
for skylights, 132, 241, 245-46 
tilt angle for, 241, 242-43 
for vertical glazing, 241 
Retrofitting, of passive solar systems, 
109, 110,ljl,113 



Reverse thermocirculation, 5Q 
Rocks, storing heat in., 60, 62 
for attached greenhouse, 
183-85 

for freestanding greenhouse, 
210, 213-16 



Roof ponds, 55-58, 1 94-99 1 

assesprfig of, 112-14 ( 
insulating panels for, 194-95, 

57-99 * * , 
sizing of, 187-92 
temperature stratification in, 
197 

. * waterproofing of, 196 
Rotation, of earth, affecting of solar 

radiation by, 11-12 
Rules of thumb. See Patterns * 
Rust inhibitor. See Anticbrrosive 



St. George's County Secondary 
School, as exa r niple of direct gain 
system, 31-33 
Sash construction, 122-23 
Sawtooth clerestories, 34, 38, 130 
Schiff residence, as example of direct 

gain system, 38—41 
Seasonal sun paths, 275 
Seasons 

cause of, 12 

solar radiation during, 102-^3 
Shading calculator, 301-4 

plotting shading mask§,with, 
305-8 

Shading devices, 250-57, 264 

adjustable overhangs, 253-54,. 
'255-57 ' 

„ for east and west wincLows,. 255- 
Tor interior, 254 
sizing of horizontaLoverhangs, 
250-52 / 
Shading masks, 305-fif 

for horizontal overhang, 305-6 
for vertical fins, 306-8 
Shape and orientation, of building, 
78-84 
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Shrubs 

for shade, 2,55 

as windbreak, 88,(^7 
Shutters, 236, 239 ... \ 
Siding, for exterior, 260 
Skydome, 272 
SkyD'ds, 236 
Skylights, .84, 125,132 
Skyline, how to plot, 290-92 . 
Sky vault. See Skydome ~~ • 
Slate, as thermal mass floor, 40 
Solar altitude, 269, 270 
Solar azimuth, 269, 271 
Solar collectors. See Collectors 
Solar Constant, 7 

Solar greenhouse. See Greenhouse, 
attached; Greenhouse, 
freestanding 
Solar heating' / m 
active systerr/s, 28, 53/179, 

183-85 | L .J—"— 

— ^passTve systems, 28-65 
advantage^ of, 62-65 
direct gain, 29-^3 1 
disadvantages of, 65 x 
indi rect gain, 43-58 *.- 
, isolated gain, 59-62 
/ , selecting oi, 106-14 
/ principle of hejat storage in, 
/ 25-27 
S^aHme^ityliTas^s, 293 
Solar noon, 288 
Solar radiation, 5-7. See also Heat 

absorption of, 18-20' 
v affected by seasons,. 102-3 
^ earth's atmosphere and, 8-12 
intensity of, on a surface, 13-15 
reflection of, 15 ® 
transmission of, 16-17 



\ 



Solar radiation calculator, 293-300 
daily radiation totals for, 296 
hourly radiation totals for, 
295-96 
Solar windows 

for direct gain systems, 119-23 . 

sizing of, 119-22 , 
disadvantages of, 125 
location of, 101-4 
Space ajr temperature, 64. See also 

Terif^erature, fluctuation* indoors 
Specific heat, 26; ° 
Specular reflection, 15-16 
Square houses, for passive solar 

systems, 80, 81 . % 
Steel deck, for roof f^ond, 56*, 194, l ' 

Stone. See j^asonry mjfermal mass 
Storage tank 

for attached greenhouse, 

183-85 ' 

for freestanding greenhouse/ 
210,213-16 
. in isolated gain, system, 60, 62 
Stucco, for exterior,|260| 
Sun. See also Solar radiation 
calculating positioh of, 273 
' ' daily path of, 274 \ ' - ° 
declination of, 267 
energy output of, 5-7 
^aThTof[275 
movernent of, across skydome, 

. 267-92 " ' , V 

origin of, 5 ./ ^" 
position of, in relation to earth's 
' ' . orbit, 7- - V 

Sun chart. See Cylindrical sun chrart 
1 -Sundial, determining buflding 

location with, 75 
• Sun time, 73, 277, 288-90 

=> standard time converted to, 290 
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Technology, effect 
architecture, 1-2 
Temperature, 20. See^also Mean 
radiant temperature; Space air ^ 
temperature 

controlling amount of Heat 
- radiated, 23 

fluctuations Indoors * ■ /"V 
inajtached- greenhouse^ 87 
in direct gain systems, 31, 35, 

136-41,14? 
in freestanding greenhouse, 
2J37 f 2if0,^?3;^TUS/ • ,' 
a . in indirect gain systems, 50, 
J . 51-52, 56, 163 * 
stratification, in roof ponds, 197 
qf sun, 7 
Terry house, as example of direct 
gain system, 42-43 
?rmal control. See also 

irature, fluctuations indoors 
of^attfcHedgreenhouse;* 1TjJ 
of'directga^system,.108 " 
of roof pdno', 113 
of thermal storage wall, 110, 168 
thermal energy, '25'. 5#e also Heat 
Thermal 'mass, 28-29 " . 

i nd i rect ga i n system s, gtz^L---- 
v " 34-35, 40, 42 * 

, in indirect. gain systems.; .43-51, 
'" " 53, 55-56 * . . '•' • 

Thermal pollution, 1™ 
Thermal radiation; 23, 24, 25 
in atrached*greenhbuse f 53 
by thermal storage wall, 45 
Thermal storage walls, 43-44 
masonry, 44-50 
3" "\ efficiency of, 45" :\ 
sizing of, 153-57 ' 




. • • / 

surface color of, 1 66 . - _ 
, '' thickness of, 161-63, 166 * J: .; 
vents, and darflpers in,«166-6&,' 
water, 50-52 • - i 

Thermecirculation, 44. See a/s6 
Convection ° * * 

reverse, 50 • 

Thermocircula^tion vents. See ; 
,Ventilation v " 

Thermonuclear fusion, 5-6 

Thermostphqning hotwater heater, 
60 " 

Thermostats, for movable insulation 
° 23.6 . ' ' - * 

.Tilt • 

Qf earth," affecting solar 
-radiation, 11-12 . 
• of reflectors, 241, 242-43 
of south wall of-greenhouse, 
204 
Time lag, 265 

Timers, automatic, for movable 

insulation, 236 ^ o 
Transl uCehf "glazing 

for clerestories, 130 

definition of, 1 7 i 

used in°d|fect gain system r 3lT 
34-35 " ' 1 

Transmission ; ' • „ 

of solar radiation, 15, 1&-17 
of thermal radiation, 24-25 ''" 
Transmissivity. See Transmission 
Transparent, H definition of, 1-? ' : 
Transportation, as cost factor th 

censtruction, 2, 115, 117 
Trees 

shade from, 50, 73, 255 1 
as windbreak, 88, 97, 
Trombe house, as example of 
indirect gain system, 45-46 



Index 



Trombe wall, 166-67 
True north, 277-78 
True south, 279 

U 

Ultra-violet radiation, 7, 10 



Vegetation ■ "' 

for shade, 254-55, 263 , 
for windbreak, 263 I 

•Ventilation j 
of direct gain systems, 120, 121 
of freestanding greenhouse, 216 
for summer cooling, 262-66 
of thermal storage walls, 159, 
166-68 ' 

Vertical fins, shading mask for, 306-8 

Vestibules, 94, 97 

i W 

. i 

Water. See a/so Roof ponds; Water 
wall * 
convection in, 21-23 
v as heat storage medium, 147 „ 



Waterproofing, below grade, 259, 

261 . * 

Water vapor, absorption of solar r 

radiation by; 10^ 
Water wall j 
compared to masonry wall; 
— 17C >-71 

J corrosion in, 42 
in direct gain systems, 29, 30, 

42„ 145-51 
in indirect gain systerns, 50-52, 
volume of, 145, 148, 162 
Wavelengths, of solar radiation, 7; 

15-16 - \ 
Weather, seasonal variation in, 12. 

See also Climate 
Weather stripping, of doors v 
Width, of building, how td 

determine, 84 
Wind. See Prevailing winter winds 
Windbreaks, 88, 97, 263 1 
Windows. See Solar wihdows . 
Wing walls, as windbreak, 97 , J 
^Wood stoves, as back-up heating 
>-i system, 40, 52 
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